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Summary

Ecological stoichiometry and the evolution of plankton communities
Nutrients are required for the survival and growth of all organisms, and limit the primary
production of many ecosystems. Ecological stoichiometry is the study of the elemental
composition of organisms, and focuses on how variation in their nutritional requirements
shape species interactions. One such species interaction is selective grazing by herbivores
on nutritious plants. In this thesis, I focus on selective grazing by zooplankton on nutritious phytoplankton prey, and examine several mathematical models of these aquatic
plant-herbivore interactions. Specifically, I investigate how nutrient limitation and grazing
selectivity aﬀect diﬀerent properties of plankton communities, such as their eco-evolutionary
dynamics (chapters 2-4), scope for species coexistence (chapter 2), elemental composition
(chapter 3), size structure (chapter 4) and vertical distribution in the water column (chapter
5).
The nutrient uptake rate of phytoplankton is a major determinant of both their competitive ability and nutritional quality. The model analyzed in chapter 2 considers the
evolution of nutrient uptake in response to grazing by zooplankton, and explores its impact
on the dynamical stability of plankton communities and species coexistence. This model
assumes that phytoplankton growth is limited by a single nutrient (e.g., phosphorus), and
that zooplankton feed preferentially on the most nutritious prey. The model predicts that
phytoplankton may evolve a low nutrient uptake rate in order to avoid being grazed. High
grazing selectivity tends to stabilize the population dynamics and allows the coexistence
of nutrient exploiters and grazing avoiders through a competition-predation trade-oﬀ. In
this trade-oﬀ, nutrient exploiters have higher nutrient uptake rates than grazing avoiders
and are therefore more competitive, but they are also more nutritious for zooplankton and,
hence, more susceptible to selective grazing. These model predictions indicate that an evolutionary reduction of nutrient uptake in phytoplankton may constitute an eﬀective defense
against selective grazing by zooplankton.
Primary production in freshwater and marine environments is often limited by nitrogen
(N) and/or phosphorus (P) availability, which has frequently been proposed to explain
variation in the cellular N:P ratio of phytoplankton across aquatic ecosystems. In this
thesis, however, I argue that the nutritional requirements of zooplankton may also aﬀect
the cellular N:P ratio of phytoplankton. Chapter 3 therefore extends the model approach of
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chapter 2, and examines how selective grazing by zooplankton with contrasting nutritional
requirements drives the evolution of the cellular N:P ratio of phytoplankton. The model
shows that phytoplankton evolve a physiologically optimal N:P ratio in the presence of
nonselective zooplankton, but that selective grazing can lead to large deviations from this
optimal N:P ratio. In particular, selective grazing by phosphorus-demanding cladocerans
is predicted to favor the evolution of high cellular N:P ratios of phytoplankton, whereas
nitrogen-demanding copepods favor the evolution of low cellular N:P ratios. Hence, the
nutritional requirements of selective zooplankton are expected to have a substantial impact
on the cellular N:P ratio of phytoplankton, and may explain large-scale patterns observed
in the elemental composition of freshwater versus marine plankton communities.
Grazing by zooplankton depends not only on the nutritional quality of phytoplankton
but also on their cell size, which may result in a size-based competition-predation trade-oﬀ
in phytoplankton. The model developed in chapter 4 explores how this trade-oﬀ aﬀects
the coevolution of phytoplankton and zooplankton size. The model assumes that the cell
size of phytoplankton controls their nutritional quality by known allometric relationships,
such that larger phytoplankton cells are less nutritious than smaller phytoplankton cells.
The model predicts that nonselective zooplankton favor the dominance of small-sized but
highly nutritious phytoplankton which are grazed by small zooplankton, whereas selective
zooplankton favor the dominance of large-sized but less nutritious phytoplankton. These
model results oﬀer a new explanation, based on stoichiometric principles, for the evolution
of large-sized phytoplankton in response to selective grazing.
Finally, chapter 5 investigates the vertical distribution of phytoplankton and zooplankton. The input of sunlight from above and nutrient from deeper water layers below can
produce deep layers of high phytoplankton abundance known as deep chlorophyll maxima
(DCMs). Although several models have been proposed to explain the formation of DCMs,
the role of zooplankton grazing remains poorly studied. This model analysis explores how
the depth and stability of DCMs along environmental gradients of background turbidity,
nutrient availability and mixing intensity are aﬀected by zooplankton. The model predicts
that DCMs consisting of sinking phytoplankton species tend to oscillate over time in clear
oligotrophic waters with low turbulent mixing, whereas zooplankton grazing can dampen
DCM oscillations by increasing nutrient recycling within the euphotic zone. Interestingly,
selective zooplankton may allow less nutritious phytoplankton to escape from grazing and
sink, which may destabilize the DCM through rapid nutrient export into the deep.
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In total, the findings presented in my thesis highlight that the nutritional requirements
of phytoplankton and zooplankton (i.e., their C:N:P stoichiometry) will have a major impact
on the dynamics and species composition of plankton communities. Empirical testing of
the model predictions will lead not only to a further refinement of these models, but also
to an improved understanding of the underlying ecological and evolutionary processes.
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Ecologische stoichiometrie en de evolutie van plankton gemeenschappen
Voedingsstoﬀen zoals stikstof en fosfaat zijn essentieel voor de overleving en groei van alle
organismen, en zijn een beperkende factor voor de primaire productie van veel ecosystemen. Ecologische stoichiometrie is de studie van de elementaire samenstelling van organismen, die onderzoekt hoe verschillen in de behoefte aan voedingsstoﬀen de interacties
tussen soorten beïnvloeden. Een voorbeeld van zo’n interactie is de selectieve begrazing van voedzame planten door herbivoren. In dit proefschrift richt ik me op selectieve
begrazing van voedzaam fytoplankton door zoöplankton, en onderzoek ik verschillende
wiskundige modellen van de interacties tussen deze microscopisch kleine aquatische ‘planten’
en hun herbivoren. Specifiek onderzoek ik hoe veranderingen in het nutriëntenaanbod en selectieve begrazing verschillende eigenschappen van planktongemeenschappen beïnvloeden,
zoals hun eco-evolutionaire dynamiek (hoofdstukken 2-4), mogelijkheden voor coëxistentie
van soorten (hoofdstuk 2), de elementaire samenstelling van het plankton (hoofdstuk 3),
hun grootte-structuur (hoofdstuk 4) en hun verticale verdeling in de waterkolom (hoofdstuk
5).
De opnamesnelheid van voedingsstoﬀen door fytoplankton is een belangrijke factor
voor zowel hun concurrentievermogen als hun voedingskwaliteit. Het model in hoofdstuk 2
onderzoekt evolutionaire veranderingen in de opnamesnelheid van voedingsstoﬀen als gevolg
van begrazing door zoöplankton, en de gevolgen hiervan voor de stabiliteit van planktongemeenschappen en de coëxistentie van soorten. In dit model wordt de groei van fytoplankton
gelimiteerd door de lage beschikbaarheid van een voedingsstof (bijvoorbeeld fosfaat), en selecteert het zoöplankton bij voorkeur de meest voedzame prooi. Het model voorspelt dat fytoplankton een lage opnamesnelheid van voedingsstoﬀen kan ontwikkelen om te voorkomen
dat het wordt begraasd. Selectieve begrazing door zoöplankton stabiliseert de populatiedynamiek en bevordert de coëxistentie van fytoplanktonsoorten die goed om voedingsstoﬀen
concurreren en soorten die begrazing vermijden. Hierbij hebben de concurrentiekrachtige
soorten een hogere opnamesnelheid van voedingsstoﬀen, waardoor ze enerzijds beter zijn
in het verkrijgen van voedingsstoﬀen, maar anderzijds ook voedzamer voor zoöplankton
en dus vatbaarder voor selectieve begrazing dan de soorten die begrazing vermijden. Deze
modelvoorspellingen geven aan dat een evolutionaire vermindering van de opnamesnelheid
van voedingsstoﬀen een eﬀectieve strategie kan zijn voor fytoplankton om zich te verdedigen
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tegen selectieve begrazing door zoöplankton.
De primaire productie van zoetwater- en mariene systemen wordt vaak beperkt door
de beschikbaarheid van stikstof (N) en/of fosfor (P), en dit wordt veelal aangehaald als
logische verklaring voor verschillen in de verhouding van N en P (de N:P ratio) in fytoplankton cellen van verschillende aquatische ecosystemen. In dit proefschrift beargumenteer ik
echter dat de voedingsbehoeften van zoöplankton ook invloed kunnen hebben op de N:P
ratio van fytoplankton. Hoofdstuk 3 breidt daarvoor het model van hoofdstuk 2 uit, om te
onderzoeken hoe selectieve begrazing door zoöplanktonsoorten met verschillende voedingsbehoeften doorwerkt op de evolutie van de N:P ratio van fytoplankton. Het model laat zien
dat fytoplankton een fysiologisch optimale N:P ratio ontwikkelt in aanwezigheid van nietselectief zoöplankton, maar dat selectieve begrazing kan leiden tot grote afwijkingen van
deze optimale N:P ratio. Het model voorspelt dat selectieve begrazing door watervlooien
die relatief veel fosfor nodig hebben leidt tot de evolutie van hoge N:P ratios in het fytoplankton, terwijl begrazing door roeipootkreeftjes met een relatief hoge stikstof behoefte
de evolutie van fytoplankton met een lage N:P ratio bevordert. Deze modelvoorspellingen
suggereren dat de verschillen in voedingsbehoefte van zoöplanktonsoorten inderdaad een
aanzienlijke invloed hebben op de cellulaire N:P ratio van fytoplankton, wat een goede
verklaring zou kunnen zijn voor de waargenomen grootschalige variatie in de stikstof- en
fosforgehalten van zoetwater versus mariene planktongemeenschappen.
Begrazing door zoöplankton hangt niet alleen af van de voedingskwaliteit van fytoplankton, maar ook van hun celgrootte. Het model ontwikkeld in hoofdstuk 4 onderzoekt
hoe de gelijktijdige selectie op voedingskwaliteit en celgrootte de co-evolutie van fytoplankton en zoöplankton beïnvloedt. Het model veronderstelt dat het nutriëntengehalte van fytoplankton samenhangt met hun celgrootte volgens bekende allometrische relaties, waarbij
grotere fytoplanktoncellen relatief minder nutriënten bevatten dan kleinere fytoplanktoncellen. Het model voorspelt dat begrazing door niet-selectief zoöplankton leidt tot de evolutie van klein maar zeer voedzaam fytoplankton dat wordt gegeten door klein zoöplankton,
terwijl begrazing door selectieve zoöplanktonsoorten de dominantie van groter maar minder voedzaam fytoplankton bevordert. Deze modelresultaten bieden een nieuwe verklaring,
gebaseerd op stoichiometrische principes, voor de evolutie van grote fytoplanktonsoorten
door selectieve begrazing.
Tenslotte onderzoekt hoofdstuk 5 de verticale verdeling van fytoplankton en zoöplankton. De inbreng van zonlicht van bovenaf en voedingsstoﬀen uit de diepe waterlagen eronder
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kan leiden tot hoge fytoplankton concentraties relatief diep in de waterkolom, bekend als
diepe chlorofyl maxima (DCM’s). Hoewel er verschillende modellen zijn voorgesteld om
de vorming van DCM’s te verklaren, is er weinig onderzoek gedaan naar de rol van zoöplanktonbegrazing. Het model van hoofdstuk 5 analyseert hoe de diepte en stabiliteit van
DCM’s in relatie tot omgevingsfactoren zoals de troebelheid van het water, beschikbaarheid
van voedingsstoﬀen en mengsnelheid worden beïnvloed door de aanwezigheid van zoöplankton. Het model voorspelt dat DCM’s van zinkende fytoplanktonsoorten de neiging hebben
om te gaan oscilleren in helder voedselarm water met weinig turbulente menging, terwijl
zoöplankton deze oscillaties kan dempen door de recycling van voedingsstoﬀen binnen de
eufotische zone te bevorderen. Selectieve begrazing door zoöplankton kan er echter toe
leiden dat minder voedzaam fytoplankton ontsnapt aan begrazing en zinkt, met als gevolg
dat de DCM destabiliseert door een snelle uitvoer van voedingsstoﬀen naar de diepte.
In totaal benadrukken de modellen in mijn proefschrift dat de voedingsbehoeften van
fytoplankton en zoöplankton (d.w.z. hun C:N:P stoichiometrie) een grote impact hebben
op de dynamiek en soortensamenstelling van planktongemeenschappen. Empirische toetsing van de modelvoorspellingen zal niet alleen leiden tot een verdere verfijning van deze
modellen, maar ook tot een beter begrip van de onderliggende ecologische en evolutionaire
processen.
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Chapter 1: Introduction

The survival and growth of all organisms depends on the availability of nutrients, which
comprise the chemical elements required to sustain life. Nutrients are essential for primary
producers to synthesize organic compounds, and nutrient availability therefore limits the
primary production of many terrestrial and aquatic ecosystems [1–4]. In aquatic ecosystems,
primary production is largely due to the growth of phytoplankton [5–7], which are able to
adjust their nutrient uptake in response to nutrient limitation [8–12]. Although increasing
nutrient uptake or reducing nutrient requirements improves the competitive ability of phytoplankton in nutrient-limited environments, it may also aﬀect other phytoplankton traits.
Specifically, increasing nutrient uptake enhances the nutritional quality of phytoplankton,
and thereby increases their susceptibility to zooplankton that graze selectively on nutritious
prey [13–17]. Hence, nutrient limitation and selective grazing potentially drive changes in
the nutrient uptake of phytoplankton, which in turn aﬀect phytoplankton-zooplankton interactions. In this thesis, I aim to investigate how the interplay between nutrient limitation
and selective grazing for nutritious prey shapes phytoplankton-zooplankton interactions.

Ecological stoichiometry
To understand how nutrient limitation aﬀects ecological interactions, a body of theory has
emerged based on ecological stoichiometry [18]. Specifically, ecological stoichiometry is the
study of the nutrient balance of organisms in ecological systems, and focuses on how the
nutrient composition of organisms shapes their interactions with the environment. The
advancement of ecological stoichiometry was promoted by the pioneering work of Alfred C.
Redfield, who analyzed the nutrient composition of several ocean regions. Indeed, Redfield
[19, 20] found a striking similarity between the nutrient composition of deep ocean waters
and that of plankton in surface waters. The remarkably constant proportion of carbon,
nitrogen and phosphorus at an atomic ratio of C:N:P = 106:16:1 has become known as the
Redfield ratio. Many insights gained from ecological stoichiometry since Redfield’s seminal
findings come from studies on plankton species, including the nutrient uptake kinetics of
phytoplankton [8, 12, 21–23], the origin and biological significance of the Redfield ratio
[11, 24–26], nutrient-mediated zooplankton grazing and growth [27–32], nutrient limitation
of primary production in aquatic ecosystems [3, 33, 34], and toxin production by harmful
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phytoplankton species [35–37].
One of the major tenets of ecological stoichiometry is the contrasting C:N:P ratio of
phytoplankton versus zooplankton [14]. Specifically, the carbon-to-nutrient ratios of phytoplankton are highly variable, often reflecting the nutrient and light availability in their
environment [38, 39]. For example, the C:P ratio of phytoplankton typically varies from 100
in P-rich environments to >1500 in P-limited environments (fig. 1.1A). In contrast, most
animals including zooplankton are much more homeostatic in their tissue nutrient composition. The C:P ratios of cladoceran and copepod zooplankton are usually somewhere in
the range of 50-200, and hence they tend to have relatively high phosphorus requirements
in comparison to phytoplankton (fig. 1.1A). These patterns point at a stoichiometric imbalance between the nutritional quality of phytoplankton and the nutritional requirements
of zooplankton. Zooplankton populations growing in nutrient-limited environments may
therefore become limited not only by low food abundance, but also by low food quality
due to a shortage of phosphorus [13]. Numerous studies have now convincingly shown that
zooplankton growth can indeed become severely P-limited, when oﬀered phytoplankton
with high C:P ratios (e.g., [38, 40–42]). These observations may also explain why several
zooplankton species graze selectively on more nutritious phytoplankton prey [31, 32, 43–48].
Similar to the C:P ratio, the N:P ratio of phytoplankton is also much more variable
than that of the more homeostatic zooplankton (fig. 1.1B ). Moreover, the N:P ratio of
cladoceran zooplankton is consistently lower than that of copepod zooplankton [30, 51–53].
This implies that cladocerans have relatively high phosphorus demands, whereas copepods
have relatively high nitrogen demands. One may hypothesize that these diﬀerences in
N:P stoichiometry will have considerable implications for phytoplankton-zooplankton interactions in phosphorus-rich versus nitrogen-rich environments. This is indeed one of the
hypotheses that will be addressed in this thesis (chapter 3).

Models of ecological stoichiometry
Advances in ecological stoichiometry were accompanied by the development of nutrientbased (i.e., stoichiometric) models of population dynamics and species interactions [41, 54–
58], as opposed to classic energy- or biomass-based ecological models [59–61]. Stoichiometric
models provide a more explicit description of how nutrient availability drives population
dynamics and species interactions than classic ecological models, and thereby shed light
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Figure 1.1: Contrasting ecological stoichiometry of phytoplankton, cladoceran zooplankton and copepod
zooplankton. A, C:P ratios (atomic) and B, N:P ratios in phytoplankton cells and zooplankton tissues.
Data show the range of values observed in the phytoplankton genera Scenedesmus (C:P ratio: [40]) and
Chlorella (N:P ratio: [49, 50]), the cladoceran genus Daphnia (C:P ratio: [30]; N:P ratio: [51]), and the
copepod genera Acartia (C:P ratio: [52]) and Acanthodiaptomus (N:P ratio: [51]). Horizontal dashed lines
in (A) and (B ) indicate the Redfield ratios C:P = 106 and N:P = 16, respectively.
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on major ecological findings. For example, classic ecological models predict the paradox of
enrichment, where enrichment of a predator-prey system (modeled as an increase in carrying capacity of prey) destabilizes predator-prey interactions [62]. Stoichiometric models
pinpoint when enrichment of a predator-prey system (modeled as an increase in nutrient
availability in the ecosystem) yields a higher carrying capacity of prey, and thus explicitly
state conditions for the occurrence of the paradox of enrichment [56, 63].
Stoichiometric models assume that primary production in an ecosystem is fundamentally limited by nutrient availability (fig. 1.2). In stoichiometric models, phytoplankton
consume nutrients available in the environment, and their nutrient uptake rate increases
with nutrient availability according to Michaelis-Menten kinetics (fig. 1.2A; [64]). A further assumption on nutrient uptake can be made by including regulatory feedbacks from
the organism, because nutrient uptake rates often decrease with increasing cellular nutrient
content of phytoplankton (fig. 1.2B ; [9, 10]). This implies that the nutrient uptake rate of
phytoplankton is maximized near starvation and reduces to zero when cells become satiated
with nutrient, which constrains further increase of the cellular nutrient content. In other
words, an upper limit is imposed on the cellular nutrient content of phytoplankton, which
reflects their nutrient satiation. The nutrient consumed by phytoplankton is used for their
survival and growth, and their basal metabolism is secured by a minimum cellular nutrient
content below which phytoplankton cannot sustain growth (fig. 1.2C ; [54]). Hence, the
cellular nutrient content of phytoplankton is eﬀectively bounded by a minimum and a maximum value, such that increasing cellular nutrient content yields a higher specific growth
rate of phytoplankton.
Phytoplankton growth is often limited by multiple nutrients, in which case their specific growth rate can be determined by the cellular content of the most limiting nutrient
[58, 65, 66]. Stoichiometric models assuming that phytoplankton growth is limited by multiple nutrients may then consider a trade-oﬀ in nutrient uptake, where an increase in the
uptake of a given nutrient implies a decrease in the uptake of other nutrients (fig. 1.2D;
[67]). Such trade-oﬀs in nutrient uptake are mechanistically justified by physiological constraints on the amount of resources that can be allocated to diﬀerent uptake proteins [11],
and the cellular surface area available for these uptake proteins [68]. When growth is limited
by multiple nutrients, phytoplankton are predicted to display intermediate uptake rates of
each limiting nutrient in order to achieve maximum growth [67].
Although stoichiometric models typically have a strong ecological component, their
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Figure 1.2: Typical assumptions on nutrient uptake and growth in stoichiometrically explicit models. A,
The nutrient uptake rate of phytoplankton increases with nutrient availability, and approaches a maximum
nutrient uptake rate (f max ) at high nutrient availability. The half-saturation constant for nutrient uptake,
K N , is defined as the nutrient availability at which nutrient uptake rate of phytoplankton is half of their
maximum nutrient uptake rate. B, Increasing cellular nutrient content of phytoplankton (Q) drives a
reduction in their nutrient uptake rate, which is maximized at starvation (i.e., at Q = Q min ) and reduces to
zero when cells are satiated with nutrient (i.e., at Q = Q max ). C, The specific growth rate of phytoplankton
is an increasing function of their cellular nutrient content, such that phytoplankton cannot grow when their
cellular nutrient content falls below the minimum value, Q min , required for survival. D, When two nutrients
limit phytoplankton growth, a trade-oﬀ in nutrient uptake may occur where an increase in maximum uptake
rate of one nutrient implies a decrease in maximum uptake rate of the other nutrient.
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eco-evolutionary analysis remains incipient ([69, 70]; see also [71–73]). However, stoichiometric models can be a powerful framework to study the eco-evolutionary dynamics of
plankton communities, by readily considering two key selection pressures (i.e., nutrient limitation and selective grazing) that drive the evolution of nutrient uptake in phytoplankton.

Model approaches to the eco-evolutionary dynamics of physiological traits
The eco-evolutionary dynamics of physiological traits, such as nutrient uptake in phytoplankton, can be studied using three main model approaches [74]. First, locus-based genetic models incorporate basic population genetics into population dynamics, and follow the
change in frequency of alleles related to the evolving trait (e.g., [75]). However, locus-based
genetic models are intractable to describe the evolution of a trait determined by several
loci, and their typical assumption of discrete time may preclude the occurrence of relevant
eco-evolutionary feedbacks.
Second, models based on adaptive dynamics depict gradual trait evolution as a series
of successful invasions by rare mutant phenotypes (e.g., [76–78]). Adaptive dynamics oﬀers
an elegant theoretical framework that dispenses with genetic details underlying the evolving
trait. However, its strict separation of ecological and evolutionary time scales leaves little
room for eco-evolutionary feedbacks. Specifically, this framework precludes rapid trait
evolution within the same time scale of ecological dynamics, yet trait evolution does depend
on the current ecological conditions.
Third, quantitative trait models (e.g., [79, 80]) portray trait evolution where the evolving trait determines the ecological dynamics, and the ecological dynamics in turn exerts
selection on the evolving trait within the same time scale. Hence, quantitative trait models
arguably constitute the most adequate approach to study the evolution of nutrient uptake
in phytoplankton, and take into full account the ensuing eco-evolutionary feedbacks in the
model community. Given the tractability of adaptive dynamics and quantitative trait models, these two model approaches are used in this thesis to study evolution of nutrient uptake
in phytoplankton.
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Selective grazing and the competition-predation trade-off
Nutrient uptake in phytoplankton is determined not only by nutrient availability, but also
by the physiological traits involved in nutrient uptake and assimilation. These physiological traits can be aﬀected by interactions with other species in the environment. Selective
grazing is one such species interaction, where phytoplankton are consumed by zooplankton
that have preference for nutritious prey. Indeed, several empirical studies show that grazing by zooplankton is selective, such that zooplankton consume phytoplankton according
to their nutritional quality [31, 32, 43–48]. For example, various zooplankton species can
sense the nutrient content of their prey through chemical cues, such as the chemical composition of their outer cell surface [48] and leakage of nutrient-rich molecules [45, 47]. Schatz
and McCauley [31] provide an elegant example of selective grazing, where zooplankton
species Daphnia pulex is exposed to a spatial gradient of algal prey diﬀering in carbon-tophosphorus ratio (i.e., C:P ratio, where lower C:P ratio indicates higher nutritional quality).
Indeed, D. pulex is found to graze preferentially on patches where algal prey have lowest
C:P ratio and, hence, highest nutritional quality (fig. 1.3). This finding shows that even
generalist filter feeders such as Daphnia can display selective foraging behavior, and thus
graze on the more nutritious phytoplankton.
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Figure 1.3: Experimental results indicating that the zooplankton species Daphnia pulex grazes selectively
on its algal prey. A, B, Two zooplankton individuals move to and graze on a patch where (C ) the C:P
ratio of their algal prey is lowest, and its nutritional quality is therefore highest. (A) and (B ) show the
trajectories of the two zooplankton individuals. In (C ), open symbols indicate C:P ratios, and solid symbols
indicate the biomass of algal prey. Adapted from Schatz and McCauley [31], with permission from Springer
Nature.
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Selective grazing is often modeled according to optimal foraging theory, which predicts
that herbivores switch in a stepwise manner toward less nutritious prey when the abundance
of more nutritious prey drops below a critical threshold (e.g., [81]). However, such stepwise
changes in diet assume that herbivores forage under perfect conditions, where they have
complete knowledge of and immediate access to all prey types [82, 83]. In reality, however,
herbivores need some recognition time to identify their prey [83], or can detect their prey
only within a limited range [84]. As a result, selective herbivores usually show gradual
rather than stepwise changes in diet composition [82, 85, 86].
Figure 1.4 illustrates two model approaches that consider a gradual switch of herbivores toward more nutritious prey. In the first approach, herbivores preferentially feed on
prey species with higher nutritional quality than the average of all prey species in the community [87, 88] (fig. 1.4A). When herbivores are nonselective, all prey species are consumed
with the same probability of 50% regardless of their nutritional quality. When herbivores
are selective, however, they switch toward more nutritious prey species. This switch in diet
composition is gradual for mildly selective herbivores, and approaches the stepwise switch
predicted by optimal foraging theory with increasing herbivore selectivity. In the second
approach, herbivores preferentially feed on prey species with a nutritional quality matching
their own nutritional requirements (fig. 1.4B ). This phenomenon became known as the
“stoichiometric knife-edge” [42, 89]. When herbivores are nonselective, all prey species are
consumed with the same probability of 100% irrespective of their nutritional quality. When
herbivores are strongly selective, however, they only consume prey species with nutritional
quality matching their own nutritional requirements. In this thesis, a gradual switch of
herbivores toward more nutritious prey is modeled using the first approach in chapters 2
and 4, and the second approach in chapters 3 and 5.
In the presence of selective herbivores, highly nutritious phytoplankton are therefore
more exposed to grazing. That is, phytoplankton face a competition-predation trade-oﬀ,
where high nutritional quality may confer high competitive ability but at the cost of high
susceptibility to grazing [15, 16, 90–94]. This competition-predation trade-oﬀ implies that
phytoplankton may specialize in either nutrient uptake or grazing avoidance, and thereby
occupy ecological niches that allow coexistence of nutrient exploiters and grazing avoiders.
For example, Yoshida et al. [15] studied a trade-oﬀ between competitive ability and food
value in phytoplankton, where stronger phytoplankton competitors had a higher food value
for zooplankton. Indeed, their experiment revealed the coexistence of phytoplankton strains
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Figure 1.4: Two alternative approaches to model the probability of consumption of phytoplankton as
a function of their nutritional quality and zooplankton selectivity. The color gradient of curves from
light gray to black indicates an increase in zooplankton selectivity. A, Zooplankton preferentially feed on
phytoplankton species with higher nutritional quality than the average of all phytoplankton species in the
community, v mean . B, Zooplankton preferentially feed on phytoplankton species with a nutritional quality
matching the nutritional requirements of zooplankton, q.
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with diﬀerent food values and competitive abilities. Given the pivotal role of nutritional
quality and, ultimately, nutrient uptake in the competition-predation trade-oﬀ of phytoplankton, how these traits evolve by natural selection remains an important question.

Plankton as model organisms
The models analyzed in this thesis are all parameterized for phytoplankton and zooplankton,
which are often used as model organisms in studies on ecological stoichiometry [18, 41, 95]
and also in studies of eco-evolutionary dynamics [15, 96, 97]. Indeed, most of the process
descriptions in the models of this thesis have been verified and measured for phytoplankton
and zooplankton species. Specifically, the models are parameterized for one genus of common phytoplankton species found in both marine and freshwater environments (Chlorella),
and two genera of common zooplankton species found in either marine environments (the
copepod Acartia) or freshwater environments (the cladoceran Daphnia). Hence, the models
analyzed in this thesis describe typical aquatic ecosystems, and their predictions are likely
to apply to both freshwater and marine plankton communities.

This thesis
The main purpose of this thesis is to investigate the eco-evolutionary dynamics of nutrient
acquisition in plankton communities, with a particular focus on the ecological stoichiometry
of phytoplankton and zooplankton. To this end, I analyze several models of plankton
communities, using eco-evolutionary approaches to elucidate how nutrient limitation and
selective grazing on nutritious prey may aﬀect phytoplankton-zooplankton interactions.
The thesis is organized as follows. In chapter 2, I use an adaptive dynamics approach to study evolution of nutrient uptake in primary producers grazed by selective
herbivores, and investigate the eco-evolutionary implications of the ensuing competitionpredation trade-oﬀ in primary producers. Specifically, this model analysis explores how the
evolution of nutrient uptake in primary producers aﬀects the stability of plant-herbivore
interactions, and whether a trade-oﬀ between competitive ability and grazing susceptibility
allows the coexistence of primary producers.
Primary production is assumed to be solely limited by one nutrient (i.e., phosphorus)
in the model studied in chapter 2. As a next step, in chapter 3 I extend the analysis to
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consider an ecosystem in which primary production is limited by two nutrients: nitrogen (N)
and phosphorus (P). I analyze a quantitative trait model where investment of phytoplankton
in nitrogen versus phosphorus uptake is an evolving trait, and zooplankton graze selectively
on phytoplankton with N:P ratios matching their nutritional requirements. This model
analysis provides a solid basis to understand how the contrasting N:P requirements of
copepods versus cladocerans aﬀect the N:P stoichiometry of their phytoplankton prey.
In chapter 4, I go a step further to investigate phytoplankton-zooplankton coevolution. According to allometric relationships, the nutrient uptake kinetics of phytoplankton
vary with cell size. Changes in nutrient uptake and cell size may in turn aﬀect the nutritional
quality of phytoplankton as prey for zooplankton grazers. I therefore develop a quantitative trait model that combines the ecological stoichiometry of phytoplankton-zooplankton
interactions with the coevolution of phytoplankton and zooplankton size, and address a
classic question in aquatic ecology: Why do phytoplankton evolve large cells in response to
zooplankton grazing?
In chapter 5, I increase the level of ecological detail to investigate phytoplanktonzooplankton interactions in a vertical water column, where the input of light from above and
the input of nutrients from below can produce deep layers of high phytoplankton abundance
known as deep chlorophyll maxima (DCMs). Previous model studies have shown that
sinking phytoplankton species can cause pronounced oscillations of the DCM [98]. Although
zooplankton are also known to have major impacts on phytoplankton populations, the role
of zooplankton grazing in DCMs remains poorly studied. In this chapter, I aim to bridge
this gap by investigating how zooplankton grazing on sinking phytoplankton may aﬀect the
depth and stability of DCMs.
Finally, chapter 6 provides a synthesis of the work presented in this thesis. The main
conclusion of this thesis is that models based on ecological stoichiometry render important
insights into mechanisms driving the eco-evolutionary dynamics of plankton communities.
However, many relevant and interesting research questions remain to be addressed, and this
chapter puts forth a few ideas for future research.
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Abstract
Nutrient limitation determines the primary production and species composition of many
ecosystems. Here, we apply an adaptive dynamics approach to investigate evolution of
the ecological stoichiometry of primary producers, and its implications for plant-herbivore
interactions. The model predicts a trade-oﬀ between the competitive ability and grazing susceptibility of primary producers, driven by changes in their nutrient uptake rates.
High nutrient uptake rates enhance the competitiveness of primary producers, but also increase their nutritional quality for herbivores. This trade-oﬀ enables coexistence of nutrient
exploiters and grazing avoiders. If herbivores are not selective, evolution favors runaway selection towards high nutrient uptake rates of the primary producers. However, if herbivores
select nutritious food, the model predicts an evolutionarily stable strategy with lower nutrient uptake rates. When the model is parameterized for phytoplankton and zooplankton, the
evolutionary dynamics result in plant-herbivore oscillations at ecological time scales, especially in environments with high nutrient availability and low selectivity of the herbivores.
High herbivore selectivity stabilizes the community dynamics. These model predictions
show that evolution permits nonequilibrium dynamics in plant-herbivore communities, and
shed new light on the evolutionary forces that shape the ecological stoichiometry of primary
producers.
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Introduction
The primary production of many aquatic and terrestrial ecosystems is limited by low nutrient availability [2, 3]. Competition studies suggest that high nutrient uptake rates and high
nutrient aﬃnities are advantageous traits for primary producers [23, 99, 100]. However,
primary producers with an eﬃcient nutrient uptake machinery may acquire higher nutrient contents. This is likely to enhance their nutritional value for herbivores, since many
herbivores tend to select food of high nutritional quality [13, 14, 101]. The wide-ranging
nutrient composition of primary producers therefore represents an important source of variation in natural communities, whereupon selection arising from both resource competition
and selective grazing may act.
The evolution of species traits can be studied using recent advances in the field of
adaptive dynamics [76, 77, 102, 103]. Adaptive dynamics draws on the feedback between
ecological and evolutionary processes, and has proved a useful framework to model the
evolution of quantitative traits. For instance, the evolution of nutrient uptake in primary
producers can be investigated in studies that combine adaptive dynamics with resource
competition theory [99] and ecological stoichiometry [18]. Indeed, several recent studies
have applied adaptive dynamics approaches to stoichiometric models [67, 104–106].
The present study builds on work by Passarge et al. [50], who studied competition for
nutrients and light between phytoplankton species under controlled laboratory conditions.
Ecological theory predicts that subtle forms of niche diﬀerentiation, such as diﬀerential
utilization of nutrients and light, may result in high phytoplankton biodiversity [99, 107].
This may render a solution to Hutchinson’s [108] paradox of the plankton. To assess niche
diﬀerentiation, Passarge et al. [50] measured the competitive abilities for nutrients and light
of five phytoplankton species in monoculture and competition experiments. Surprisingly,
the monocultures showed that eﬃcient light harvesters also depleted nutrients to a greater
extent, which indicated the lack of a trade-oﬀ between competitive abilities for nutrients and
light. Indeed, the competition experiments consistently led to competitive exclusion, which
left the paradox of the plankton unresolved. However, their results suggested an alternative
explanation for phytoplankton biodiversity. Strong competitors appeared to have high
nutrient contents [50], and could therefore constitute nutritious food for zooplankton [13,
38]. Hence, strong competitors would suﬀer more from grazing, while weak competitors
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would be less palatable and thereby avoid being grazed. This could allow species coexistence
through a competition-predation trade-oﬀ [91–93, 109].
Here, we develop a simple ecological model based on stoichiometric considerations,
and use an adaptive dynamics approach to understand the evolutionary implications of
resource competition and selective grazing. Although our model is primarily devised to
study phytoplankton-zooplankton interactions, we believe it may extend to other plantherbivore systems as well. We pose three questions. First, what is the evolutionary path of
nutrient uptake in primary producers? Second, does evolution of the nutrient uptake rate
aﬀect the stability of plant-herbivore interactions? Third, does evolution of the nutrient
uptake rate allow coexistence of primary producers through a trade-oﬀ between competitive
ability and grazing susceptibility? In tackling these questions, we aim to improve our
understanding of the selection processes that determine the ecological stoichiometry of
primary producers.

The model
We consider a simple community, with one limiting nutrient, several primary producers, and
a common herbivore. We assume that the growth rates of primary producers are nutrient
limited and, likewise, that herbivore growth is limited by the nutrient content of their
food (i.e., we do not consider light limitation of primary producers or energy limitation of
herbivores). The primary producers compete for nutrients according to a variable-internalstores model [10, 54, 55]. The herbivore preys upon the primary producers, with a preference
for the most nutritious species [31, 43, 47]. The nutrient uptake rate of primary producers
is an evolving trait. On the one hand, a higher nutrient uptake rate enhances the growth
rate of primary producers. On the other hand, a higher nutrient uptake rate yields more
nutritious plants, which are more susceptible to grazing. The dual ecological role of this
trait suggests that it may be under strong selection.

Primary producer dynamics
Our model assumes that the specific nutrient uptake rate of a primary producer, f i [N,Q i ],
is a function of the environmental nutrient concentration, N, and of its intracellular nutrient
content Q i [9, 10]:
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fi [N, Qi ] = fmax,i

✓

N
N + KN,i

◆✓

Qmax,i − Qi
Qmax,i − Qmin,i

◆

,

(2.1)

where f max,i is the maximum nutrient uptake rate of species i, K N,i is its half-saturation
constant, Q min,i is its minimum intracellular nutrient content, and Q max,i is its maximum
intracellular nutrient content. In this equation, the nutrient uptake rate of the primary
producer increases with environmental nutrient availability according to Michaelis-Menten
kinetics, is highest when primary producers are starved (Q i = Q min,i ), and reduces to
zero when primary producers are satiated with nutrients (Q i = Q max,i ). Experimental
support for these assumptions is provided in several studies of the nutrient uptake kinetics
of phytoplankton species (e.g., [9, 10, 50]).
The intracellular nutrient content (also known as nutrient quota) of primary producers
increases due to nutrient uptake and declines due to dilution by growth [54]:
dQi
= fi [N, Qi ] − µi [Qi ] Qi ,
dt

(2.2)

where µi [Q i ] is the specific growth rate of primary producer species i. The specific growth
rate, in turn, is an increasing function of the intracellular nutrient content according to the
Droop equation [54, 55]:
◆
✓
Qmin,i
,
µi [Qi ] = µmax,i 1 −
Qi

(2.3)

where µmax,i is the maximum specific growth rate of species i. This equation states that the
specific growth rate of the primary producer is positive if its intracellular nutrient content
exceeds the minimum value Q min,i . That is, Q min,i corresponds to the intracellular nutrient
content of the primary producer that just secures its basal metabolism and survival, while
higher nutrient contents enable population growth [18].
The population dynamics of the primary producers are driven by their growth rates,
mortality rates, and the grazing rate by herbivores:
dPi
= (µi [Qi ] − di ) Pi − gi [P, Q] Z,
dt

i = 1, ..., n,

(2.4)

where P i is the population abundance of primary producer species i, d i is its mortality rate,
Z is the herbivore abundance, and n is the number of phytoplankton species. The grazing
rate on species i, g i [P,Q], is a function of the population abundances and nutritional quality
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of all primary producers in the system, where the bold P and Q represent vector notation.

Herbivore dynamics
Grazing by herbivores depends on the nutritional quality of the primary producers. We
consider an evolutionary scenario in which all primary producer species are identical, except
for their nutrient uptake rate and, hence, their intracellular nutrient content. We therefore
assume that the herbivore has the same search rate, a, and handling time per prey item,
h, for all primary producer species. However, the herbivore has a preference for the most
nutritious species. The grazing rate of the herbivore on primary producer species i can
then be modeled as a multispecies type II functional response [110, 111]:
gi [P, Q] =

aαi [P, Q] Pi
P
,
1 + ah nj=1 αj [P, Q] Pj

(2.5)

where αi [P,Q] is the probability that the herbivore will consume encountered individuals
of primary producer species i, given the population abundances and nutritional quality
of all primary producers in the ecosystem. The underlying assumption that herbivores
can detect the nutritional value of their food is supported by several experimental studies
[31, 43–46, 48]. For instance, various zooplankton species can sense the nutrient content
of their prey through chemical cues such as the chemical composition of their outer cell
surface [48] and leakage of nutrient-rich molecules [45, 47].
Optimal foraging theory predicts that herbivores will display a stepwise switch to less
nutritious prey when the more nutritious prey has been reduced below a critical threshold
abundance (e.g., [81]). However, this stepwise switch emerges from optimal foraging theory
only if the forager is a perfect predator with complete and immediate knowledge of all prey
types [82, 83]. Deviations from these idealized assumptions lead to gradual switches in diet,
for instance if predators need some recognition time to identify their prey [83] or detect
their prey only within a limited range [84]. Indeed, in reality, predators often show gradual
rather than stepwise changes in diet composition [82, 85, 86]. Following previous studies, we
therefore model gradual switching behavior of the predator by a sigmoid function [87, 88].
We assume that the probability that the herbivore will consume primary producer species i,
αi [P,Q], depends on the nutritional quality of focal species i in comparison to the average
nutritional quality of all primary producers in the community:
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1
,
(2.6)
1 + eS(Qmean [P,Q]−Qi )
where S measures the selectivity of the herbivore for more nutritious primary producers, and
αi [P, Q] =

Q mean [P,Q] is the average nutritional quality of the primary producers in the community:
Pn

j=1
Qmean [P, Q] = Pn

Pj Qj

j=1 Pj

(2.7)

.

The shape of equation (2.6) is illustrated in figure 2.1. We note that if the herbivore
is nonselective (S = 0), then each primary producer species is consumed with the same
probability αi = 0.5 irrespective of its nutritional quality. Conversely, if the herbivore
is highly selective (S → ∞), then it switches abruptly to prey species exceeding average
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α1 (-)

nutritional quality.
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Figure 2.1: Probability that the herbivore consumes primary producer species 1 (α1 ) as function of the
nutritional quality of primary producer species 1. The curves are derived from equation (2.6), and each
curve corresponds to a diﬀerent selectivity of the herbivore (S = 0, 0.1, 0.5, 1 and 5 cells fmol-1 ). For
the purpose of illustration, we assume that the average nutrient content of all primary producers in the
community is Q mean = 4 fmol cell-1 .

19

Chapter 2: Evolution of ecological stoichiometry

We assume that the herbivore assimilates the ingested primary producers with eﬃciency e i [56]:
e [Qi ] =

Qi
,
q

(2.8)

which is defined as the ratio of the nutrient content of primary producer species i to the nutrient content of the herbivore, q. Accordingly, high nutritional quality of primary producers
or low nutritional demands of the herbivore will result in high assimilation eﬃciencies. Herbivores usually have a higher nutrient content per unit carbon than primary producers [14].
When expressed on a per-unit carbon basis, this precludes assimilation eﬃciencies higher
than 1.
The population dynamics of the herbivore may then be written as:
n
X

dZ
=
dt

!

ei [Qi ] gi [P, Q] − m Z,

i=1

(2.9)

where m is the specific mortality rate of the herbivore.

Nutrient dynamics
We assume that the nutrient available in the environment is consumed by primary producers, and recycled by both primary producers and herbivores [100]:
n

n

i=1

i=1

X
X
dN
=−
fi [N, Qi ] Pi +
di Pi Qi + mZq,
dt

(2.10)

where the first term on the right-hand side describes nutrient uptake by the primary producers, and the other two terms describe nutrient recycling due to the mortality of primary
producers and herbivores, respectively.
The total amount of nutrient in the ecosystem, T, includes the freely available nutrient
in the environment as well as the nutrient contained in the primary producers and herbivore:
T =N+

n
X

Pi Qi + Zq.

(2.11)

i=1

Evaluation of the time derivative of this equation shows that the total amount of nutrient
remains constant (i.e., dT/dt = 0). In other words, our model ecosystem is a closed system
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with respect to nutrients.

Adaptive dynamics of nutrient uptake
To model evolutionary changes in nutrient uptake rate, we consider a resident community
consisting of one limiting nutrient, one primary producer species, and one herbivore species.
In the resident population of the primary producer a novel mutant phenotype may appear.
The mutant resembles the resident primary producer in every respect except its maximum
nutrient uptake rate, f max . This evolving trait indicates the active uptake rate of nutrients
across cell membranes, and generally correlates with the number of transport proteins
assembled for nutrient uptake [112].
We will indicate the mutant and resident by the subscripts m and r, respectively.
Initially, the mutant phenotype is rare relative to the resident phenotype. The success of a
mutant will therefore depend on its invasion fitness, w, defined as the net specific growth
rate of the mutant in the resident population:
w=

1 dPm
.
Pm dt

(2.12)

If the invasion fitness is negative (w < 0), the mutant will go extinct. Conversely, if the
invasion fitness is positive (w > 0), the mutant will thrive and establish a new population.
This new population can then again be invaded by another mutant phenotype, and so on.
Following the rationale of adaptive dynamics [102, 103], we assume that mutations are
rare events, and that the phenotype of the mutant diﬀers only slightly from the resident
phenotype. Thus, trait evolution proceeds gradually, as a series of successful invasions by
mutant phenotypes.
Two standard assumptions are made to derive invasion fitness. First, we assume that
the population dynamics of the mutant phenotype obeys the same rules as the resident
phenotype. Substituting equation (2.4) into equation (2.12), invasion fitness can be written
as:
w = µm [Qm ] − dm − gm [P, Q]

Z
.
Pm

(2.13)

Second, we assume that the mutant phenotype is suﬃciently rare not to aﬀect the population
dynamics of the resident community (i.e., P m << P r ). Hence, the average nutritional
quality of the community is determined by the resident (i.e., Q mean = Q r , which implies
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αr = 0.5). Substituting equations (2.3), (2.5), (2.6) and (2.7) into equation (2.13), the
invasion fitness then reads:

◆
✓
Qmin,m
aZ
.
− dm −
w = µmax,m 1 −
S(Q
−Q
) (1 + 0.5ahP )
r
m
Qm
1+e
r

(2.14)

This equation shows that an increase of the intracellular nutrient content of the mutant
will increase its specific growth rate (the first term on the r.h.s.), but will also increase the
mutant’s susceptibility to grazing compared to the resident (the last term on the r.h.s.).
In addition, the last term shows that invasion fitness depends on herbivore selectivity. If
the mutant has a higher intracellular nutrient content than the resident, an increase of
herbivore selectivity will increase the mutant’s susceptibility to grazing. The intracellular
nutrient contents of the mutant and resident, in turn, depend on their maximum nutrient
uptake rate (via equations (2.1) and (2.2)), which is the evolving trait in our analysis.
Trait evolution resulting from successful invasions can be analyzed graphically using
pairwise invasibility plots and mutual invasibility plots [103]. For this purpose, we calculated
invasion fitness numerically for various combinations of mutant and resident phenotypes.
The resident community may be at equilibrium, or may display nonequilibrium dynamics. If
the resident community reached equilibrium, then we calculated the intracellular nutrient
content of the mutant in equilibrium with the nutrient availability set by the resident
community. According to equation (2.2), this yields:
Q∗m =

µmax (KN + N ) (Qmax − Qmin ) Qmin + fmax,m N Qmax
.
µmax (KN + N ) (Qmax − Qmin ) + fmax,m N

(2.15)

We note that dQ * m /df max,m > 0. That is, an increase in the maximum nutrient uptake
rate of the mutant will result in a higher intracellular nutrient content, and therefore a
higher susceptibility to grazing. Subsequently, invasion fitness was calculated by inserting the equilibrium values of the resident community and the above intracellular nutrient
content of the mutant into equation (2.14). If the resident community shows persistent
nonequilibrium dynamics, then the net specific growth rate of a mutant may vary between
positive values when nutrients are plentiful and herbivores are scarce, and negative values
when the environmental conditions worsen. In this case, we ran a full simulation of the
resident community over a long time span from t = 2,000 to t = 10,000 days. Subsequently,
we calculated the long-term average of the net specific growth rate of a mutant invading the
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fluctuating resident community to assess its invasion fitness in a variable environment [102].
Numerical simulations were based on the NDSolve routine in Mathematica 6.0 (Wolfram
Research, Champaign, Illinois, USA).

Parameterization of the model
Our model is parameterized for plankton communities. This allows realistic choices of
parameter values, because many of the process descriptions in the model have been verified
and measured for phytoplankton and zooplankton species (table 2.1). However, many of
our results may probably be generalized to other plant-herbivore communities as well.
Phosphorus is an essential element in phytoplankton and zooplankton metabolism, and
an important limiting nutrient in many natural waters [1, 3, 113]. Parameter values were
therefore obtained from studies on phosphorus-limited phytoplankton (Chlorella vulgaris;
[50]). We choose a copepod species (Acartia tonsa; [52, 114, 115]) as the herbivore, since
copepods tend to be more selective grazers than generalist filter feeders such as Daphnia.
Model variables and parameters are listed in table 2.1.

Results

Ecological dynamics
To set the stage, we first consider a community consisting of only one primary producer
species and one herbivore and investigate the ecological dynamics of this simple community
along a productivity gradient. In line with expectation, the model predicts low productivity of the primary producer at low nutrient levels, supporting an equilibrium community
of plants and herbivores. Nutrient enrichment results in higher growth rates and higher
nutritional quality of the primary producer, which can drive the community from a stable
equilibrium toward plant-herbivore oscillations. This pattern matches Rosenzweig’s [62]
classic paradox of enrichment and has also been found in other stoichiometrically explicit
plant-herbivore models (e.g., [63, 118]). A similar pattern can be observed for variation in
maximum nutrient uptake rate of the primary producer. When maximum nutrient uptake
rate is low, the primary producer grows poorly and supports low herbivore densities (fig.
2.2A). An increase in maximum nutrient uptake rate enhances the growth rate and nutrient
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Table 2.1: Model variables and parameter values.
Symbol

Definition

Unit

Value

Reference

N

Environmental nutrient concentration

Pi

Population abundance of primary-producer

µM

-

-

cells L-1

-

-

fmol cell-1

-

-

Population abundance of herbivore

ind L-1

-

-

T

Total nutrient concentration

µM

0-1.4

[116]

fmax,i

Max. nutrient uptake rate of

pmol cell-1 d-1

0-0.5

[50]

d-1

1.9

[50]

fmol cell-1

1.23

[50]

fmol cell-1

7.70

[50]

Variablesa

species i
Qi

Nutrient content of primary-producer species
i

Z
Parameters

primary-producer species i
µmax,i

Max. specific growth rate of
primary-producer species i

Qmin,i

Min. nutrient content of primary-producer
species i

Qmax,i

Max. nutrient content of primary-producer
species i

QC,i

Carbon content of primary-producer species i

fmol cell-1

816

[19]

KN,i

Half-saturation constant of primary-producer

µM

9.32

[50]

di

Specific mortality rate of primary-producer

d-1

0.36

[50]

species i
species i
h

Handling time per prey item

ind d cell-1

3.6x10-7

[114, 117]b

a

Search rate of herbivore

L ind-1 d-1

0.0175

[114]

q

Nutrient content of herbivore

µmol ind-1

0.0015

[52]

qC

Carbon content of herbivore

µmol ind-1

0.125

[52]

m

Specific mortality rate of herbivore

d-1

0.1

[115]

S

Selectivity of herbivore

cells fmol-1

0-16

-

a

Unless otherwise stated, numerical simulations considered a resident community with the following initial conditions: N = 0.97 µM, Pi = 107 cells L-1 , Qi = 1.23 fmol cell-1 , and Z = 10 ind L-1 .

b

We assume here that the cell volume of Chlorella is 20 times smaller than that of Rhodomonas baltica studied by
[114], and that the handling time is primarily determined by the passage time through the gut of Acartia (i.e.,
handling time per prey item is inversely proportional to the number of prey that fit in the gut; [47], p. 105).
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content of the primary producer, which may shift the community dynamics from a stable
equilibrium to plant-herbivore oscillations (fig. 2.2B ). These ecological dynamics are summarized in figure 2.3A for diﬀerent combinations of the total nutrient concentration, T, and
maximum nutrient uptake rate of the primary producers, f max .
10
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Primary producer (x107)
Nutrient content
Herbivore (x100)
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Figure 2.2: Community dynamics resulting from diﬀerent maximum nutrient uptake rates. A, A low
maximum nutrient uptake rate of the primary producer (f max = 0.01 pmol cell-1 d-1 ) leads to an equilibrium
with low-nutritional plants and low herbivore abundance. Note that the nutrient line is partly masked by the
primary producer. B, In contrast, a high maximum nutrient uptake rate (f max = 0.1 pmol cell-1 d-1 ) leads
to high nutritional quality of the plants and plant-herbivore oscillations. The total nutrient concentration
was T = 1 µM. Other parameters as in table 2.1.
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Figure 2.3: Ecological and evolutionary dynamics along a productivity gradient. A, Nutrient enrichment
and high maximum nutrient uptake rates of the primary producer shift the ecological dynamics from a
stable equilibrium of plants and herbivores to plant-herbivore oscillations (limit cycles). Solid lines indicate
the boundaries between regions with diﬀerent ecological dynamics, as determined by numerical bifurcation
analysis. Between the empty system (ES) and stable plant-herbivore equilibrium, a very narrow region
(too narrow to be visible in the graph) consists of primary producers only. The dashed line represents the
maximum nutrient uptake rate of the CSS phenotype, f ∗ max . This shows an evolutionary reduction of the
maximum nutrient uptake rate with an increasing total amount of nutrient in the ecosystem. The CSS
phenotype produces stable plant-herbivore communities (solid symbols) in nutrient-poor ecosystems but
plant-herbivore oscillations (open symbols) in nutrient-rich ecosystems. B–D, The amplitude of the plantherbivore oscillations generated by the continuously stable strategy phenotype increases with the total
nutrient concentration. Open symbols in B–D represent the minima and maxima of the plant-herbivore
oscillations. The simulations assume mildly selective grazing (S = 0.5 cells fmol-1 ). Other parameters as
in table 2.1.
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Evolutionary dynamics
As a next step, we consider invasion of novel mutant phenotypes of the primary producer
into the resident plant-herbivore community. Pairwise invasibility plots (PIPs) show which
mutant phenotypes can invade which resident phenotypes (fig. 2.4). If invasion fitness is
positive for mutants with a higher maximum nutrient uptake rate than the resident phenotype, then the maximum nutrient uptake rate will increase during evolution. Conversely, if
invasion fitness is positive for mutants with a lower maximum nutrient uptake rate than the
resident phenotype, then the maximum nutrient uptake rate will decrease. This results in
trait evolution, which is conceived as a gradual process that occurs in small steps. Evolution
therefore proceeds along the diagonal of the PIP.
Our results show that evolution of the maximum nutrient uptake rate of the primary
producer depends on the selectivity of the herbivore (fig. 2.4). If the herbivore is nonselective, mutants have positive invasion fitness whenever they have higher nutrient uptake
rates than residents (fig. 2.4A). This favors runaway evolution toward high maximum nutrient uptake rates. However, if the herbivore is selective, its preference for more nutritious
primary producers favors evolution toward intermediate or low maximum nutrient uptake
rates (fig. 2.4B, 2.4C ). Thus, selection for growth at low maximum nutrient uptake rates
is countered by selection against grazing at high maximum nutrient uptake rates, and the
evolutionary dynamics converge to an intermediate phenotype. In PIPs, this phenotype is
found at the intersection of the two zero isoclines separating regions of positive and negative
invasion fitness. In our model, this singular phenotype, hereafter written as f ∗ max , cannot be invaded by any other phenotype. Hence, f ∗ max is an evolutionarily stable strategy
(ESS; sensu [119]). We note that f ∗ max is not only an ESS but also a continuously stable
strategy (CSS; sensu [120]), because it constitutes an evolutionary attractor. The exact
value of f ∗ max will depend on the traits of the primary producers and herbivores as well
as the environmental conditions. We did not find examples of evolutionary branching in
our simulations. This implies that once evolution has converged to the CSS phenotype,
the ecological dynamics is captured by a simple community consisting of a single primary
producer phenotype and a herbivore population.
We investigated the ecological dynamics of primary producers and herbivores and
the evolutionary changes in maximum nutrient uptake rate of primary producers along
a productivity gradient, assuming a mildly selective herbivore (fig. 2.3). On ecological
timescales, nutrient enrichment would shift the population dynamics from stable equilib-
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Figure 2.4: Selective grazing and the evolution of nutrient acquisition. A–C, Pairwise invasibility plots.
Black and gray shading indicate regions with positive and negative invasion fitness, respectively; white
dots represent continuously stable strategy (CSS) phenotypes. A, Under nonselective grazing (S = 0
cells fmol-1 ), evolution leads to runaway selection toward high maximum nutrient uptake rates. B, Under
mildly selective grazing (S = 0.5 cells fmol-1 ), evolution converges to a CSS phenotype with an intermediate
maximum nutrient uptake rate. C, Under strongly selective grazing (S = 2 cells fmol-1 ), evolution converges
to a CSS phenotype with a low maximum nutrient uptake rate. D, The maximum nutrient uptake rate of
the CSS phenotype as function of herbivore selectivity. The gray horizontal band indicates the range of
f max values that yield a stable equilibrium of plants and herbivores. Values of f max above this gray band
lead to plant-herbivore oscillations, while the herbivore cannot persist if f max falls below this gray band.
Mildly selective herbivores favor CSS phenotypes that produce plant-herbivore oscillations (open symbols),
whereas highly selective herbivores stabilize the community dynamics (solid symbols). The total nutrient
concentration was T = 1 µM. Other parameters as in table 2.1.
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ria to plant-herbivore oscillations and would improve the nutritional quality of primary
producers. Evolution counters this eﬀect by selection for a lower maximum nutrient uptake rate in ecosystems with a higher total amount of nutrient (fig. 2.3A). Nevertheless,
despite this reduction in nutrient uptake rate, nutrient enrichment still yields suﬃciently
high nutritional quality and growth rates of primary producers to drive the plant-herbivore
community toward oscillations (fig. 2.3). Apparently, if herbivores are only mildly selective, evolutionary reduction of the maximum nutrient uptake rate is not strong enough to
prevent destabilization of the ecological dynamics through nutrient enrichment.
However, this result depends on herbivore selectivity. As the selectivity of the herbivore increases, the fitness cost of a high nutrient content of the primary producer also
increases, and f ∗ max is therefore reduced to lower values (fig. 2.4). Hence, highly selective
herbivores suppress the maximum nutrient uptake rate of the CSS phenotype more strongly.
Yet, selective herbivores cannot suppress the maximum nutrient uptake rate beyond a lower
bound. The gray horizontal band in figure 2.4D indicates the narrow range of f ∗ max values
that yield stable equilibria (corresponding to the narrow range of stable equilibria at T >
0.8 µM in fig. 2.3A). If f ∗ max would be suppressed below this gray band, the herbivore
population would become extinct (fig. 2.3A) and evolution would increase the maximum
nutrient uptake rate of primary producers once the herbivores are gone. In other words,
highly selective herbivores drive the CSS phenotype into this narrow gray band and thereby
stabilize the community dynamics in nutrient-rich environments (fig. 2.4D).

Coexistence or competitive exclusion?
The results above assumed that trait evolution is a gradual process taking small steps only.
However, one can relax this premise to consider invasion of novel phenotypes radically
diﬀerent from the resident phenotype. This could oﬀer opportunities for coexistence that
cannot be reached by gradual evolution [87]. As a rule of thumb, two phenotypes can coexist
if they are each able to invade an established resident population of the other phenotype,
a condition termed mutual invasibility [103]. Opportunities for coexistence can be deduced
from mutual invasibility plots (MIPs; fig. 2.5). A MIP is obtained by superposition of two
PIPs, one indicating whether phenotype 1 can invade a resident population of phenotype 2
and the other indicating whether phenotype 2 can invade a resident population of phenotype
1 [103].
In our model, selective grazing is decisive in determining the outcome of mutual inva-
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Figure 2.5: Pairwise invasibility and mutual invasibility. A, D, Invasion of phenotype 2 (P 2 ) into the
resident population of phenotype 1 (P 1 ). B, E, Invasion of phenotype 1 into the resident population of
phenotype 2. Black and gray shading in these pairwise invasibility plots indicate regions with positive and
negative invasion fitness, respectively; white dots represent the continuously stable strategy phenotype. C,
F, The resulting mutual invasibility plots (MIPs). A–C, If grazing is nonselective (S = 0 cells fmol-1 ), each
phenotype can be invaded by phenotypes with a higher maximum nutrient uptake rate. The MIP in C
shows that this leads to competitive exclusion, where the phenotype with the highest maximum nutrient
uptake rate always wins. D–F, If grazing is strongly selective (S = 2 cells fmol-1 ), phenotypes with high
maximum nutrient uptake rates can be invaded by phenotypes with lower maximum nutrient uptake rates.
The MIP in F shows that in a large part of the trait space phenotypes with lower maximum nutrient uptake
rates win against phenotypes with higher maximum nutrient uptake rates. In addition, the MIP in F shows
a narrow region in trait space, indicated in black, where the two phenotypes coexist. The total nutrient
concentration was T = 1 µM. Other parameters as in table 2.1.
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sibility. If the herbivore is nonselective, the phenotype with the highest maximum nutrient
uptake rate always wins (fig. 2.5A–2.5C ). However, if the herbivore is selective, phenotypes with high maximum nutrient uptake rates can be displaced by phenotypes with lower
maximum nutrient uptake rates, which are eaten less due to their lower nutritional quality
(fig. 2.5D–2.5F ). In case of selective grazing, a narrow region in the MIP displays species
coexistence, where both phenotypes can invade each other (fig. 2.5F ). Species coexistence
is readily confirmed with a food-web model comprising two primary producers (fig. 2.6).
One primary producer has a high maximum nutrient uptake rate and will be called the
nutrient exploiter. The other primary producer has a low maximum nutrient uptake rate
and will be called the grazing avoider. We note that the community dynamics produces
plant- herbivore oscillations. Thus, in this example, the food-web model does not predict
stable coexistence but nonequilibrium coexistence of the primary producers (fig. 2.6).
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Figure 2.6: Nonequilibrium coexistence of the grazing avoider and nutrient exploiter. The grazing avoider
and nutrient exploiter are identical except for their maximum nutrient uptake rate (grazing avoider: f max
= 0.07 pmol cell-1 d-1 ; nutrient exploiter: f max = 0.20 pmol cell-1 d-1 ). The simulations assume mildly
selective grazing (S = 0.5 cells fmol-1). The total nutrient concentration was T = 0.8 µM. Other parameters
as in table 2.1.
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Discussion
Our findings provide three key insights into the evolution of the ecological stoichiometry
of plant-herbivore interactions. First, resource competition and selective grazing constitute
two opposing selection pressures leading to a trade-oﬀ in the ecological stoichiometry of
primary producers. Second, our findings show that evolution of the nutrient uptake rate
permits nonequilibrium dynamics at ecological timescales. Third, as suggested by Passarge
et al. [50], the stoichiometric trade-oﬀ between competitive ability and grazing susceptibility
may allow for species coexistence. Below we discuss each insight in turn.

A stoichiometric trade-off
In our model, enhanced nutrient uptake rates improve the competitive ability of primary
producers at the expense of an increased susceptibility to grazing (see also [121, 122]),
so that phenotypes with an intermediate nutrient uptake rate are selected. We did not
specify an explicit trade-oﬀ between two or more species traits. Instead, the trade-oﬀ
between competitive ability and grazing susceptibility resulted from a change in a single
trait, the maximum nutrient uptake rate. Trade-oﬀs driven by changes in a single trait are
described as “emergent trade-oﬀs” in the epidemiological literature [123–125]. For instance,
the replication rate of a parasite is a single trait that favors both its transmission and
its virulence. This has contrasting eﬀects on parasite fitness, since a fast replication rate
ensures high parasite transmission but reduces host survival [125]. Consequently, a trade-oﬀ
emerges, and intermediate replication rates of the parasite are selected. In this respect, our
model bears a remarkable resemblance to host-parasite models and, to our knowledge, is
among the first to address an emergent trade-oﬀ in the ecological stoichiometry of primary
producers (see also [104]).
Interestingly, recent work provides experimental support for the stoichiometric tradeoﬀ predicted by our study. Passarge et al. [50] investigated the competitive ability for phosphorus and light of five freshwater phytoplankton species and showed that the strongest
competitors had the highest intracellular phosphorus contents. Although the grazing susceptibility of their species is not known, these results suggest that strong competitors would
constitute more nutritious food for zooplankton and are likely to suﬀer more from grazing
than weaker competitors. Sunda & Hardison [16] reported considerable variation in the
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ammonium uptake rates of marine phytoplankton species. Four of their algal isolates are
known to be poorly grazed by zooplankton, and only these four isolates had unusually low
ammonium uptake rates and associated growth rates for their size. These studies present
two intriguing examples of a trade-oﬀ between competitive ability and grazing susceptibility,
driven by interspecific diﬀerences in nutrient acquisition.
Hence, low nutritional quality of primary producers can be an advantageous defense
against selective herbivores [126]. However, primary producers may also adopt alternative
defense mechanisms to cope with selective grazing, such as the production of secondary
compounds [35, 127], development of spines and thorns [128, 129], and reinforcement of
cell walls [130, 131]. These defenses may enable primary producers to sustain high nutritional quality without suﬀering intense grazing by selective herbivores. Primary producers
that invest in alternative defense mechanisms may thus overcome a stoichiometric trade-oﬀ
between competitive ability and grazing susceptibility. The interplay between the stoichiometric trade-oﬀ described here and investments in alternative defense mechanisms oﬀers an
interesting avenue for further research.

Evolutionary convergence to nonequilibrium dynamics
Our results show that evolution of the nutrient uptake rate allows sustained oscillations
of the limiting nutrient, primary producers, and herbivores. This result adds to a longlasting debate on the evolution of the stability of ecological communities. Theory predicts
oscillations in predator-prey communities [59, 60, 62], and predator-prey oscillations have
been reported in many experimental studies [15, 132–134]. Most predator-prey models,
however, also predict stable equilibria for at least part of their parameter space. Hence,
the question is whether evolution will drive predator-prey interactions toward ecological
stability or nonequilibrium dynamics.
Several theoretical studies have suggested a general tendency of natural selection to
stabilize population dynamics, with nonequilibrium dynamics evolving only under stringent trade-oﬀ postulates ([135–137]; but see [138]). However, other theoretical studies have
shown that evolution may destabilize predator-prey interactions [139–141]. Indeed, longterm experimental studies with ample time for evolutionary changes displayed sustained
predator-prey fluctuations, indicating that evolution did not prevent nonequilibrium dynamics [15, 134].
We systematically explored our model and found that nutrient enrichment triggers evo-
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lutionary convergence toward lower maximum nutrient uptake rates (fig. 2.3A). For mildly
selective herbivores, nutrient enrichment overrides the evolutionary reduction of the maximum nutrient uptake rate, which has a destabilizing eﬀect on plant- herbivore interactions.
Accordingly, nutrient enrichment leads to plant-herbivore oscillations despite evolutionary
reduction of the maximum nutrient uptake rate (fig. 2.3A). This illustrates that Rosenzweig’s [62] classic paradox of enrichment is rather robust to evolutionary changes in the
nutrient uptake rates of primary producers, at least for mildly selective herbivores. Our
model predictions therefore lend theoretical support to the persistence of nonequilibrium
dynamics over evolutionary timescales.
However, highly selective grazing by herbivores can stabilize plant-herbivore interactions (fig. 2.4D). This occurs because a higher selectivity by herbivores favors a stronger
evolutionary reduction of the nutrient uptake rate of primary producers. A strong reduction
in maximum nutrient uptake suppresses the nutritional quality and growth rate of primary
producers, which both have a stabilizing eﬀect on plant-herbivore interactions. This result
echoes many earlier findings that selective predation stabilizes predator-prey interactions
(e.g., [142, 143]). However, the interesting point in our work is that evolution plays a key
role. The parameter range that allows ecological stability at high nutrient levels is very
narrow (fig. 2.3A). Yet, if the herbivore is suﬃciently selective, evolution drives the nutritional quality of plants to low values and parks the plant-herbivore interactions in this
narrow lane of ecological stability (fig. 2.4D).

Coexistence of nutrient exploiters and grazing avoiders
The stoichiometric trade-oﬀ between competitive ability and grazing susceptibility enabled
coexistence of nutrient exploiters and grazing avoiders (figs. 2.5F, 2.6). This result is
in line with several plant-herbivore models predicting coexistence of primary producers
through a competition-predation trade-oﬀ [15, 91–93, 109]. These models usually assume
trade-oﬀs between two or more traits. For instance, Yoshida et al. [15] considered a tradeoﬀ between the half-saturation constant and food value of primary producers, such that
strong competitors had a higher food value. Indeed, their model predicted coexistence of
primary producers with diﬀerent food values and competitive abilities. In contrast, our
model considers the evolution of only a single trait (i.e., the maximum nutrient uptake
rate) while all other species traits are held constant. Apparently, the trade-oﬀ between
competitive ability and grazing susceptibility driven by this single trait creates suﬃcient
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niche diﬀerentiation for species coexistence.
However, our model predicts that gradual evolution will converge to a single primary
producer with an optimal nutrient uptake rate that cannot be invaded by any competitor.
Furthermore, we did not observe evolutionary branching, a process that describes the divergence of phenotypes and could have permitted coexistence on evolutionary timescales
[103]. These results are in line with those of Shoresh et al. [144], who investigated the
evolutionary dynamics of a standard resource competition model and found far fewer coexisting species than would be expected from the number of ecological niches. Thus, in the
long run, evolution may restrict the coexistence of primary producers.

Prospects for further investigation
Our model is evidently a simplification of natural communities, which host numerous species
competing for multiple resources and engaged in many trophic interactions. For instance,
our model assumes that primary producers and herbivores are exclusively nutrient limited.
In reality, nutrient enrichment may alleviate primary producers from nutrient limitation,
shifting their growth toward light-limited conditions [50, 145]. Likewise, herbivores may
become limited by the energy content rather than the nutrient content of their food when
feeding on nutritious plants [18, 63, 146]. It is not immediately obvious how an environmental gradient from nutrient to energy limitation will aﬀect the evolution of nutrient
acquisition, and it would be interesting to study these aspects in further detail.
Another simplification is that we studied variation in a single trait only. In reality,
phytoplankton species face trade-oﬀs among multiple traits. This aﬀects opportunities for
species coexistence but may also have implications for the evolutionary dynamics. For
instance, Litchman et al. [23] showed that the maximum nutrient uptake rate, the halfsaturation constant of nutrient-limited growth, and the minimum nutrient content of phytoplankton species are all positively correlated with each other. The evolutionary implications
of such correlated traits are unclear and certainly merit further study.
Finally, we note that herbivores may adapt to evolutionary changes in the nutritional
quality of primary producers. Hence, further study of the coevolution of their ecological
stoichiometry could be worth pursuing [122, 140].
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Conclusions
Our model analysis shows that high nutrient uptake rates of primary producers favor their
competitive ability but also enhance their food quality for herbivores. In the presence of
mildly selective herbivores, theory predicts that these two selection pressures converge to
intermediate nutrient uptake rates that are evolutionarily stable but induce plant-herbivore
oscillations at ecological timescales. Highly selective herbivores favor a stronger evolutionary reduction in the nutrient uptake rate of primary producers, which may stabilize the
plant-herbivore interactions. The model is firmly based on a mechanistic understanding of
resource competition and the ecological stoichiometry of plant-herbivore interactions, which
may facilitate experimental tests of the model predictions. Empirical investigation of the
trade-oﬀ described in this article is likely to provide further insights into the evolution of
the ecological stoichiometry of primary producers.
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Abstract
Nitrogen (N) and phosphorus (P) limit primary production in many aquatic ecosystems,
with major implications for ecological interactions in plankton communities. Yet it remains
unclear how evolution may aﬀect the N:P stoichiometry of phytoplankton-zooplankton
interactions.

Here, we address this issue by analyzing an eco-evolutionary model of

phytoplankton-zooplankton interactions with explicit nitrogen and phosphorus dynamics.
In our model, investment of phytoplankton in nitrogen versus phosphorus uptake is an evolving trait, and zooplankton display selectivity for phytoplankton with N:P ratios matching
their nutritional requirements. We use this model to explore implications of the contrasting N:P requirements of copepods versus cladocerans. The model predicts that selective
zooplankton strongly aﬀect the N:P ratio of phytoplankton, resulting in deviations from
their optimum N:P ratio. Specifically, selective grazing by nitrogen-demanding copepods
favors dominance of phytoplankton with low N:P ratios, whereas phosphorus-demanding
cladocerans favor dominance of phytoplankton with high N:P ratios. Interestingly, selective grazing by nutritionally balanced zooplankton leads to the occurrence of alternative
stable states (ASS), where phytoplankton may evolve either low, optimum or high N:P
ratios depending on initial conditions. These results oﬀer a new perspective on commonly
observed diﬀerences in N:P stoichiometry between plankton of freshwater versus marine
ecosystems, and indicate that selective grazing by zooplankton can have a major impact on
the stoichiometric composition of phytoplankton.
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Introduction

Advances in our understanding of nutrient limitation in aquatic ecosystems benefited greatly
from the pioneering work of Alfred C. Redfield, who noted that the ratio of dissolved inorganic nitrogen to phosphorus in the deep ocean is remarkably similar to the average
cellular N:P ratio of phytoplankton in surface waters [20]. The establishment of the Redfield ratio (C:N:P = 106:16:1) led to a plethora of studies on the ecological and evolutionary significance of the N:P stoichiometry of freshwater and marine phytoplankton (e.g.,
[18, 24, 26, 147]). Although the canonical Redfield ratio has long been a benchmark for the
average N:P ratio of phytoplankton, these studies provided ample theoretical and experimental evidence of substantial variation in N:P stoichiometry within and among diﬀerent
species [11, 25, 148]. This variation in N:P ratio suggests that natural selection favors
phytoplankton with diﬀerent N:P ratios in diﬀerent environments.
On the one hand, nutrient availability in the environment may exert a bottom-up
control on the N:P ratio of phytoplankton [33, 149]. For example, Burson et al. [34] studied
how reduced phosphorus loads from European rivers have aﬀected nutrient limitation of
marine phytoplankton in the North Sea. Their bioassays revealed a spatial gradient from
phosphorus limitation in coastal waters to nitrogen limitation further oﬀshore, accompanied
by a strong decline of the N:P ratio of phytoplankton from nearshore to oﬀshore waters.
Thus, as demonstrated by numerous studies, changes in nutrient availability can alter the
N:P stoichiometry of phytoplankton.
On the other hand, zooplankton may exert a top-down control on the N:P ratio of phytoplankton. The elemental composition of zooplankton is usually more homeostatic than
that of primary producers, and zooplankton therefore recycle surplus nutrients back into
the environment when faced with nutritionally imbalanced food [18]. Such zooplanktonmediated nutrient recycling may change the environmental N:P ratio [27, 150, 151]. Furthermore, several zooplankton species are able to graze selectively on food that meets their
nutrient requirements [32, 42, 45, 46, 89]. In particular, copepods tend to have a relatively
high body N:P ratio and prefer nitrogen-rich phytoplankton [43, 52], whereas cladocerans
have a relatively low body N:P ratio and perform best when consuming phosphorus-rich
phytoplankton [31, 51]. Yet, the extent to which selective zooplankton grazing may aﬀect
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the N:P ratio of phytoplankton remains elusive.
An improved understanding of how these bottom-up and top-down processes shape
the N:P stoichiometry of phytoplankton may be obtained by integrating eco-evolutionary
dynamics into the field of ecological stoichiometry [71]. It has long been assumed that evolutionary processes occur on a much slower timescale than ecological processes, and therefore
have little impact on ecological interactions. However, in recent years it has been realized
that ecological and evolutionary processes can take place at similar timescales [152–154], and
hence evolutionary changes can be fast enough to aﬀect ecological interactions [74, 155, 156].
One of the first demonstrations of eco-evolutionary dynamics came from laboratory experiments, where natural selection among phytoplankton varying in defense against grazing
aﬀected phytoplankton-zooplankton oscillations [15, 157]. Similar eco-evolutionary dynamics might play a role in the ecological stoichiometry of phytoplankton-zooplankton systems,
although this possibility has not yet been extensively evaluated.
To explore these ideas, here we develop an eco-evolutionary model to investigate dynamic changes in the N:P stoichiometry of phytoplankton in response to phytoplanktonzooplankton interactions.

We aim to address two interrelated questions: (1) How do

eco-evolutionary changes in N:P stoichiometry of phytoplankton aﬀect phytoplanktonzooplankton interactions? (2) How do diﬀerences in nutrient requirements and selectivity of
zooplankton aﬀect the N:P stoichiometry of phytoplankton? The model assumes that phytoplankton adapt their investment in nitrogen versus phosphorus uptake, and zooplankton
display selectivity for phytoplankton with N:P ratios matching their nutritional requirements. Our analysis considers two contrasting scenarios: one where phytoplankton are
grazed by nitrogen-demanding zooplankton (‘copepods’), and another where phytoplankton are grazed by phosphorus-demanding zooplankton (‘cladocerans’).

The model
We consider a plankton community with two limiting nutrients (nitrogen and phosphorus),
a phytoplankton species and a zooplankton species. The growth rate of phytoplankton
depends on their nitrogen and phosphorus contents according to a variable-internal-stores
model [18, 54, 55]. Zooplankton grazing depends on the nutritional quality of phytoplankton
[13, 14], where zooplankton tend to have a preference for phytoplankton that match their
nutritional demands [32, 42, 89]. We assume that investment of phytoplankton in the uptake
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of nitrogen versus phosphorus is an evolving trait. Specifically, phytoplankton face a tradeoﬀ, where an increase in nitrogen uptake comes at the cost of a decrease in phosphorus
uptake.

Phytoplankton dynamics
It is well known that the cellular nitrogen and phosphorus contents of phytoplankton can
change dynamically. Specifically, the cellular content of nutrient i of phytoplankton, Q i ,
increases due to nutrient uptake and declines due to growth [54]:
dQi
= fi [Ri , Qi ] − µA [QN , QP ] Qi ,
dt

(3.1)

i = N, P

where f i [R i ,Q i ] is the uptake rate of nutrient i by phytoplankton as a function of the
environmental nutrient concentration (R i ) and their cellular nutrient content (Q i ), and
mA [Q N , Q P ] is the specific growth rate of phytoplankton.
We assume that the nutrient uptake rate of phytoplankton increases with nutrient
availability according to Michaelis-Menten kinetics, but is suppressed by high cellular nutrient contents [9, 10]:
fi [Ri , Qi ] = fmax,i

✓

Ri
Ri + Ki

◆✓

Qmax,i − Qi
Qmax,i − Qmin,i

◆

,

(3.2)

where f max,i is the maximum uptake rate of nutrient i by phytoplankton, K i is their halfsaturation constant, and Q min,i and Q max,i are their minimum and maximum cellular nutrient content, respectively. That is, the nutrient uptake rate is highest when phytoplankton
are starved (i.e., Q i = Q min,i ) and reduces to zero when phytoplankton are satiated with
nutrients (i.e., Q i = Q max,i ). These assumptions are supported by studies of the nutrient
uptake kinetics of phytoplankton species (e.g., [9, 10, 50]).
The specific growth rate of phytoplankton follows a multi-nutrient extension of the
Droop equation [54, 58], and is determined by the cellular content of the most limiting
nutrient according to the Law of the Minimum [65]:
◆
✓
Qmin,P
Qmin,N
,
,1 −
µA [QN , QP ] = µmax min 1 −
QN
QP

(3.3)

where mmax is the maximum specific growth rate of phytoplankton. Which nutrient limits
the growth rate of phytoplankton depends on the magnitude of the two terms in the mini-
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mum function. Equating the two terms in the minimum function shows that phytoplankton
are co-limited by nitrogen and phosphorus when their cellular N:P ratio equals a critical
value Q N /Q P = Q min,N /Q min,P . We shall refer to this value as the optimum N:P ratio of
phytoplankton [147, 158], denoted as [N /P ]* phyto . When their cellular N:P ratio is lower
than this optimum N:P ratio, phytoplankton growth is nitrogen-limited. When it is higher,
phytoplankton growth is phosphorus-limited.
The population dynamics of phytoplankton are driven by their growth rate, mortality
rate, and the grazing rate by zooplankton:
dA
= µA [QN , QP ] A − dA − g [A, QN , QP ] Z,
dt

(3.4)

where A is the population abundance of phytoplankton, d is their specific mortality rate,
and Z is the population abundance of zooplankton. The grazing rate, g[A,Q N ,Q P ], is a
function of the population abundance and nutritional quality of phytoplankton (see below).

Zooplankton dynamics
We incorporate the common observation that zooplankton tend to have a more homeostatic nutrient composition than phytoplankton [18], by assuming that their nitrogen and
phosphorus contents, q N and q P , are fixed. Hence, the body N:P ratio of zooplankton is
constant (i.e., [N /P ]zoo = q N /q P ).
Several experimental studies show that grazing by zooplankton depends on the nutritional quality of phytoplankton [31, 32, 43–46, 48]. The grazing rate of zooplankton on
phytoplankton may thus be modeled as a type II functional response [110, 111], which takes
the nutrient contents of phytoplankton into account [159]:
g [A, QN , QP ] =

aα [QN , QP ] A
,
1 + ahα [QN , QP ] A

(3.5)

where a is the search rate of zooplankton, a[Q N ,Q P ] is the probability that zooplankton
will consume encountered individuals of phytoplankton given their nutritional quality, and
h is the handling time of zooplankton per prey item.
We assume that zooplankton preferentially feed on phytoplankton with neither a much
higher nor a much lower N:P ratio than their own N:P requirements. This phenomenon has
become known as the “stoichiometric knife edge” [42, 89], and is incorporated in our model
by a simple Gaussian relationship (fig. 3.1):
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α [QN , QP ] = e

−

✓

QN
q
− qN
QP
P
2(1/S)2

◆2

(3.6)

,

where S measures the selectivity of zooplankton for nutritionally balanced prey (i.e., the
width of the Gaussian curve). If zooplankton are nonselective (S →0), then phytoplankton
are consumed with the same probability a = 1 irrespective of their N:P ratio. Conversely,
if zooplankton are highly selective (S →∞), then they only consume phytoplankton with
N:P ratios matching their own body N:P ratio.

Figure 3.1: Diet of zooplankton as function of the N:P ratio of phytoplankton. The curves are derived
from equation (3.6), and each curve corresponds to a diﬀerent grazing selectivity of zooplankton (S = 0,
0.03, 0.05, 0.1 and 0.3). For the purpose of illustration, the N:P ratio of zooplankton is here assumed to be
[N /P ]zoo = 30.

We assume that zooplankton assimilate the ingested phytoplankton with eﬃciency e
[56, 159]:
e [QN , QP ] = min

✓

QN QP
,
qN qP

◆

,

(3.7)

which is defined as the lowest ratio of nutrient content of phytoplankton to nutrient content of zooplankton. Accordingly, high nutrient contents of phytoplankton or low nutrient
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contents of zooplankton will result in high assimilation eﬃciencies. Zooplankton usually
have a higher nutrient content per unit carbon than phytoplankton [14]. When expressed
on a per-unit carbon basis, this precludes assimilation eﬃciencies greater than 1.
The population dynamics of zooplankton is given by:
dZ
= (e [QN , QP ] g [A, QN , QP ] − m) Z,
dt

(3.8)

where m is the specific mortality rate of zooplankton.

Nutrient dynamics
Our model assumes that the nutrients available in the environment are consumed by phytoplankton, and brought back into the system by degradation of dead organisms and nutrient
excretion by zooplankton [100]:

dRi
= −fi [Ri , Qi ] A + dAQi + mZqi + g [A, QN , QP ] Z (Qi − e [QN , QP ] qi ) ,
dt

(3.9)

where the first term on the right-hand side describes nutrient uptake by phytoplankton, and
the second and third term describe nutrient recycling due to the mortality of phytoplankton
and zooplankton, respectively. The fourth term describes recycling through excretion of
nutrients not utilized by the zooplankton population. Specifically, inserting equation (3.7)
shows that this fourth term assumes that zooplankton retain the nutrient that limits their
growth, and excrete the surplus of the non-limiting nutrient. We assume that food egestion
by zooplankton is negligible.
The total amount of nutrient i in the ecosystem, T i , includes the freely available
nutrient in the environment as well as the nutrient contained in phytoplankton and zooplankton:
Ti = Ni + AQi + Zqi .

(3.10)

Diﬀerentiation of this equation shows that the total amount of nutrient i remains constant
over time (i.e., dT i /dt = 0; see Appendix A for the derivation). Thus, our model ecosystem
is a closed system with respect to nutrients. We note that our model predictions remain
qualitatively similar when this model assumption is relaxed to consider an open ecosystem
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with respect to nutrients (see Appendix B).

Evolutionary dynamics
In our evolutionary scenario, we assume that investment of phytoplankton in nitrogen versus
phosphorus assimilation is an evolving trait. The reasoning for this assumption is that the
enzymatic machinery involved in the uptake and subsequent assimilation of nitrogen and
phosphorus into biomolecules are encoded in the genomes of organisms, and the expression
level of these enzymes can therefore be modified by evolution. Nitrogen and phosphorus are
both major constituents of cells, where nitrogen is mainly used in protein synthesis, whereas
phosphorus is mainly used in RNA and DNA synthesis [26, 160]. Following Klausmeier et al.
[67], in our model the trade-oﬀ between nitrogen and phosphorus assimilation is represented
by a simple linear constraint between the maximum uptake rates of the two nutrients:
fmax,N = pN Fmax,N and fmax,P = pP Fmax,P with pN + pP = 1,

(3.11)

where p i is the investment of phytoplankton in the uptake of nutrient i, and F max,i is
the maximum uptake rate of nutrient i when phytoplankton would invest exclusively in
nutrient i (i.e., when p i = 1). Hence, increasing investment in the maximum uptake rate
of nitrogen comes at the cost of a reduction of the maximum uptake rate of phosphorus,
and vice versa. In our analysis, we focus on the investment in nitrogen uptake, p N , and
calculate the investment in phosphorus uptake simply as p P = 1 – p N .
Evolutionary changes in nitrogen and phosphorus uptake of phytoplankton aﬀect their
fitness in multiple ways, e.g., by changing their competitive ability for these nutrients and
their nutritional quality as food for zooplankton. In our model, phytoplankton fitness, w,
is defined as their net specific growth rate under the prevailing conditions [161]:
w=

1 dA
.
A dt

(3.12)

We study the evolutionary dynamics of phytoplankton using a quantitative trait approach
and the theory of fast-slow dynamical systems [80, 162]:
ε

∂w
dpN
= BV
,
dt
∂pN

(3.13)

where e measures the relative diﬀerence between timescales of ecological and evolutionary
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processes. Evolutionary processes occur at a slower rate than that of ecological processes
when e > 1, at the same rate when e = 1, and at a faster rate when e < 1. In our study,
we assume that evolutionary processes are slower than ecological processes (i.e., e = 10).
The bounding function B takes the form B = (p N – p min ) (p max – p N ), where p min and
p max are the minimum and maximum investment of phytoplankton in nitrogen uptake,
respectively [80]. The parameter V is the additive genetic variance of the evolving trait.
The fitness gradient on the right-hand side of equation (3.13) measures the direction and
strength of natural selection exerted on the evolving trait. Hence, if the fitness gradient is
positive (negative), then investment in nitrogen uptake will increase (decrease) over time.
We calculate the fitness gradient of phytoplankton numerically. At each time step, we
generate two phytoplankton mutants with a phenotype slightly diﬀerent from the resident
phenotype (± 0.001%), and calculate their net specific growth rates in the environment
set by the resident community to estimate the local fitness gradient. We examined trait
evolution with numerical simulations based on the NDSolve routine in Mathematica 10
(Wolfram Research, Champaign, IL).

Parameterization of the model
We parameterize our model using nitrogen- and phosphorus-related parameter values of
plankton communities. This allows realistic choices of parameter values, because many
of the process descriptions in the model have been verified and measured for plankton
species. Parameter values for phytoplankton were obtained from the green alga Chlorella,
a genus of common phytoplankton species living in both freshwater and marine environments [50, 163]. The optimum N:P ratio of Chlorella predicted by our model is slightly
above the Redfield ratio ([N /P ]* phyto = Q min,N /Q min,P = 25.2; see table 3.1). Since zooplankton may diﬀer substantially in their elemental composition, we analyze two versions
of our model representing two distinct zooplankton taxa. Cladocerans such as Daphnia
dominate the zooplankton in many freshwater environments. They tend to have relatively
high phosphorus demands, and hence low body N:P ratios ([N /P ]zoo = 12; [30, 51, 164]).
Conversely, calanoid copepods such as Acartia dominate the zooplankton in many marine
environments and have much higher body N:P ratios ([N /P ]zoo = 34.3; [52, 53, 165]). The
optimum N:P ratio of phytoplankton in our model thus lies between that of cladocerans
and copepods:
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copepods

Model variables and parameters are listed in table 3.1, and we refer to Appendix A for a
complete list of model equations.

Model analysis
The model is used to investigate the two research questions posed in the Introduction.
To investigate how eco-evolutionary changes in N:P stoichiometry of phytoplankton aﬀect
phytoplankton-zooplankton interactions, we first set the stage by assuming that zooplankton are absent, and analyze the impact of nutrient enrichment on both ecological and ecoevolutionary dynamics of phytoplankton. Subsequently, we add zooplankton and analyze
the ensuing phytoplankton-zooplankton interactions. To address how diﬀerences in nutrient
requirements of zooplankton aﬀect the N:P stoichiometry of phytoplankton, we explore the
eco-evolutionary dynamics when phytoplankton are grazed by either phosphorus-demanding
‘cladocerans’ or nitrogen-demanding ‘copepods’. Finally, we investigate evolution of the N:P
ratio of phytoplankton in response to variation in both grazing selectivity and body N:P
ratio of these two contrasting zooplankton groups.
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Table 3.1: Model variables and parameter values.
Symbol Definition

Unit

Value

Source

Variablesa
Ri

Environmental concentration of nutrient i

μM

-

-

A

Population abundance of phytoplankton

cells L-1

-

-

Qi

Nutrient i contained in phytoplankton

fmol cell-1

-

-

Z

Population abundance of zooplankton

ind L-1

-

-

pi

Investment of phytoplankton in uptake of
nutrient i

-

-

-

μM

TP = 1.2 - 4

Environmental parameters
Ti

Total concentration of nutrient i

TN = 10 - 200

[116]

Phytoplankton parameters
Fmax,i

Maximum uptake rate of nutrient i by
phytoplankton investing exclusively in nutrient i

pmol cell-1 d-1

Ki

Half-saturation constant of nutrient i for
phytoplankton

μM

Qmin,i

Minimum content of nutrient i in phytoplankton

fmol cell-1

Qmax,i

Maximum content of nutrient i in phytoplankton

fmol cell-1

Fmax,N = 0.051
Fmax,P = 0.087
KN = 4.3
KP = 9.32
Qmin,N = 31
Qmin,P = 1.23
Qmax,N = 126
Qmax,P = 7.7

[50, 166]

[50, 163]

[49, 50]b

[49, 50]b

μmax

Maximum specific growth rate of phytoplankton

d-1

1.9

[50]

d

Specific mortality rate of phytoplankton

d-1

0.1

[167]

pmin

Minimum investment of phytoplankton in

-

0 - 0.1

[67]

-

0.9 - 1

[67]

nutrient uptake
pmax

Maximum investment of phytoplankton in
nutrient uptake

ε

Pace of evolution of phytoplankton

-

10

-

V

Additive genetic variance of phytoplankton

-

0 - 0.1

-

Copepod:
3.6x10-7

[114, 117,

Zooplankton parameters

h

48

Handling time per prey item by zooplankton

ind d

cell-1

Cladoceran:
1.4x10-7

164]c
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Table 3.1: Model variables and parameter values (continued).
Symbol Definition

a

Search rate of zooplankton

Unit

L

ind-1

Value

d-1

Source

Copepod:
0.001
Cladoceran:
0.0024

[168]

Copepod:
qN = 0.024
qP = 7x10-4

[51, 52, 117]d

qi

Content of nutrient i in zooplankton

μmol ind-1

m

Specific mortality rate of zooplankton

d-1

0.1

[115]

S

Selectivity of zooplankton

-

0 - 0.3

-

a

Cladoceran:
qN = 0.3
qP = 0.025

Numerical simulations considered a community with the following initial conditions:: Ni = Ti - AQi - Zqi ,
A = 107 cells L-1 , Qi = Qmin,i , Z = 10 ind L-1 , and pN = pP = 0.5. Where available, parameter values
for phytoplankton were obtained from Chlorella species (Chlorella sorokiniana in [163]; Chlorella vulgaris in
[50]). In case parameter values were not available for Chlorella species, we refer to either empirical studies on
other phytoplankton species (Dunaliella tertiolecta in [166]; a mixture of several phytoplankton species in [167];
diatoms in [49]), or theoretical studies [67]. Parameter values for the copepod were obtained from Acartia species
(Acartia tonsa in [114] and Acartia sp. in [52]), whereas parameter values for the cladoceran were obtained from
Daphnia species (Daphnia magna Straus in [117]; Daphnia longispina in [51]; Daphnia carinata in [164]). Some
parameter values were not available for Acartia species, in which case we refer to empirical studies on other
copepod species (calanoid copepods in [117]; marine epi-pelagic copepods in [115]).

b

The minimum and maximum contents of nitrogen in phytoplankton were calculated using the allometric scaling
proposed by [49] in their Table 1, and assuming that Chlorella typically has a cell diameter of 5 μm.

c

We assumed that the cell volume of Chlorella is 20 times smaller than that of Rhodomonas baltica studied by
[114], and that the handling time is primarily determined by the passage time through the gut of Acartia (i.e.,
handling time per prey item is inversely proportional to the number of prey that fit in the gut; [47], p. 105).

d

The nutrient contents of copepods and cladocerans were based on the range of nitrogen and phosphorus percentages of total dry weight observed by [52] and [51], respectively. Dry weights of copepods and cladocerans were
obtained from measurements of various species of calanoid copepods and Daphnia magna Straus, respectively
[117].
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Results

Ecological versus eco-evolutionary dynamics of phytoplankton
First, we benchmark our model analysis of the N:P stoichiometry of phytoplankton in
absence of zooplankton. To understand the impact of evolution on the N:P stoichiometry of
phytoplankton in absence of zooplankton, we investigate two model versions: an ecological
model where investment in nitrogen uptake is fixed, and an eco-evolutionary model where
investment in nitrogen uptake evolves. We assume that investment in nitrogen versus
phosphorus uptake is balanced in the ecological model (i.e., p N = 0.5), whereas it may
evolve a wide range of values in the eco-evolutionary model (i.e., p min = 0 and p max =
1). The ecological model predicts that low nitrogen availability in the ecosystem yields
a low population abundance of phytoplankton, which deplete the dissolved nitrogen (fig.
3.2A). The cellular N:P ratio of phytoplankton stabilizes at a low value, and their growth is
severely nitrogen-limited (fig. 3.2B ). In ecosystems with intermediate nitrogen availability,
phytoplankton reach a high population abundance, and deplete both dissolved nitrogen and
dissolved phosphorus (fig. 3.2C ). The cellular N:P ratio of phytoplankton stabilizes at an
intermediate value, and their growth is co-limited by both nutrients (fig. 3.2D). In nitrogenrich systems, phytoplankton also reach a high population abundance (fig. 3.2E ), but their
cellular N:P ratio stabilizes at a high value and their growth is severely phosphorus-limited
(fig. 3.2F ).
The eco-evolutionary model predicts that low nitrogen availability in the ecosystem
causes phytoplankton to reach only a low population abundance, and rapidly deplete the
dissolved nitrogen (fig. 3.3A). Their investment in nitrogen uptake gradually evolves toward
a high value (fig. 3.3B ), and it follows from the trade-oﬀ built in the model that their
investment in phosphorus uptake gradually declines. Initially, phytoplankton have a low
cellular N:P ratio and their growth rate is nitrogen-limited, but evolutionary adaptation
of their nitrogen and phosphorus uptake capacities eventually leads to co-limitation by
nitrogen and phosphorus (fig. 3.3C ). In ecosystems with intermediate nitrogen availability,
phytoplankton reach a higher population abundance (fig. 3.3D). A balanced investment
in nitrogen and phosphorus uptake (fig. 3.3E ) enables rapid convergence to co-limitation
by nitrogen and phosphorus (fig. 3.3F ). In nitrogen-rich systems, dissolved phosphorus
is rapidly depleted (fig. 3.3G). At an evolutionary time scale, phytoplankton reduce their
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investment in nitrogen uptake while increasing their phosphorus uptake capacity (fig. 3.3H ),
which gradually shifts their growth again from severe phosphorus limitation to co-limitation
by nitrogen and phosphorus (fig. 3.3I ).

Figure 3.2: Ecological dynamics of phytoplankton in absence of zooplankton. The graphs compare three
ecosystems, with (A, B ) low, (C, D) intermediate, and (E, F ) high nitrogen availability. A, C, E, Dynamics
of phytoplankton and dissolved nitrogen and phosphorus concentrations. B, D, F, Cellular N:P ratio of phytoplankton (green line); the dotted horizontal line indicates the cellular N:P ratio at which phytoplankton
are co-limited by nitrogen and phosphorus. Parameter values are given in table 3.1, with a total nitrogen
concentration of (A, B ) T N = 10 mM, (C, D) T N = 100 mM, and (E, F ) T N = 200 mM, a total phosphorus
concentration of T P = 4 mM, and non-evolving phytoplankton (V = 0).

Eco-evolutionary dynamics of phytoplankton-zooplankton interactions
As a next step, we introduce mildly selective zooplankton in our model and analyze the
ensuing phytoplankton-zooplankton interactions, assuming either ecological dynamics (see
Appendix C) or eco-evolutionary dynamics (figs. 3.4 and 3.5). We will contrast the model
results for two diﬀerent zooplankton types: phosphorus-demanding ‘cladocerans’ with a low
N:P ratio (figs. 3.4, fig. C.1) versus nitrogen-demanding ‘copepods’ with a high N:P ratio
(fig. 3.5, fig. C.2).
Phosphorus-demanding zooplankton (‘cladocerans’) In nitrogen-poor ecosystems, phy-
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Figure 3.3: Eco-evolutionary dynamics of phytoplankton in absence of zooplankton. The graphs compare
three ecosystems, with (A-C ) low, (D-F ) intermediate, and (G-I ) high nitrogen availability. A, D, G,
Dynamics of phytoplankton and dissolved nitrogen and phosphorus concentrations. B, E, H, Investment
of phytoplankton in nitrogen uptake. C, F, I, Cellular N:P ratio of phytoplankton (green line); the dotted
horizontal line indicates the cellular N:P ratio at which phytoplankton are co-limited by nitrogen and
phosphorus. Parameter values are the same as in figure 3.2, but with evolving phytoplankton (V = 0.1)
investing in nitrogen uptake from p min = 0 to p max = 1.
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toplankton abundance is low and, in both the ecological and eco-evolutionary model, zooplankton cannot find suﬃcient food to survive (fig. C.1, fig. 3.4A). As a consequence, the
phytoplankton dynamics is similar as in the absence of zooplankton. In the eco-evolutionary
model, investment of phytoplankton in nitrogen uptake increases during evolution, such that
phytoplankton growth becomes co-limited by nitrogen and phosphorus (fig. 3.4B, 3.4C ).
For ecosystems with intermediate nitrogen levels, the model predicts a stable equilibrium with high phytoplankton and low zooplankton abundances in both the ecological
and the eco-evolutionary model (fig. C.1, fig. 3.4D). In the eco-evolutionary model, phytoplankton shift their investment from nitrogen uptake to phosphorus uptake because of the
high nitrogen but low phosphorus availability in the environment (fig. 3.4E ). Phosphorusdemanding zooplankton prefers to graze upon prey with low cellular N:P ratios, however,
and therefore a too high investment in phosphorus uptake may lead to negative fitness
consequences for phytoplankton. To avoid being eaten, phytoplankton thus adjust their
investment in nitrogen versus phosphorus uptake such that they still maintain a relatively
high cellular N:P ratio at which their growth rate remains phosphorus-limited (fig. 3.4F ).
Further nitrogen enrichment leads to a further increase of the phytoplankton N:P
ratio in the ecological model, and therefore to extinction of the phosphorus-demanding zooplankton because the phosphorus content of its food becomes too low (fig. C.1). In the
eco-evolutionary model, however, the zooplankton population does not go extinct but nitrogen enrichment leads to oscillations of the phytoplankton and zooplankton abundances (fig.
3.4G). We note that these predator-prey oscillations are sustained even if nitrogen availability is increased further (i.e., even at T N = 2000 mM and T P = 4 mM, yielding T N :T P =
500; results not shown). Interestingly, the eco-evolutionary investment in nutrient uptake
oscillates in phase with these predator-prey oscillations, thus displaying a small-amplitude
trait cycle (fig. 3.4H ). The cellular N:P ratio of the phytoplankton also fluctuates in sync,
but remains in the phosphorus-limited region (fig. 3.4I ).
The period of the oscillations is much longer than the generation times of the organisms (fig. 3.4G-3.4I ), indicating that evolutionary dynamics play a role. In essence what
happens is that, when zooplankton become rare, phytoplankton investment in nitrogen uptake declines and the N:P ratio of the phytoplankton moves toward a balanced co-limitation
by nitrogen and phosphorus. The declining N:P ratio of the phytoplankton raises their nutritional value, and the zooplankton population recovers. The increased grazing rate by
phosphorus-demanding zooplankton, in turn, selects for an evolutionary increase of the ni-
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Figure 3.4: Eco-evolutionary dynamics of phytoplankton-zooplankton interactions with phosphorusdemanding zooplankton (‘cladocerans’). The graphs compare three ecosystems, with (A-C ) low, (D-F )
intermediate, and (G-I ) high nitrogen availability. A, D, G, Dynamics of phytoplankton, zooplankton, and
dissolved nitrogen and phosphorus concentrations. B, E, H, Investment of phytoplankton in nitrogen uptake. C, F, I, Cellular N:P ratio of phytoplankton (green line); the dotted horizontal lines indicate the body
N:P ratios at which phytoplankton and zooplankton are co-limited by nitrogen and phosphorus. Parameter
values are the same as in figure 3.3, with a mildly selective cladoceran as zooplankton (S = 0.04).
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trogen uptake rate so that the phytoplankton population develops a higher N:P ratio to
suppress grazing losses. Owing to the reduced nutritional value of the phytoplankton, the
zooplankton population declines again, and the cycle starts anew.
Nitrogen-demanding zooplankton (‘copepods’) The dynamics of a community with
nitrogen-demanding zooplankton are strikingly diﬀerent from those with phosphorusdemanding zooplankton. In both the ecological and eco-evolutionary model, grazing by
nitrogen-demanding copepods leads to pronounced phytoplankton-zooplankton oscillations
with nitrogen enrichment on ecological time scales (fig. 3.5, fig. C.2). In the ecological
model, nitrogen-demanding zooplankton does not go extinct with nitrogen enrichment (not
even when T N is further increased to = 2000 mM; results not shown) because food quality
remains suﬃciently high (fig. C.2). In the eco-evolutionary model, investment of phytoplankton in nitrogen uptake declines slightly with nitrogen enrichment and shows again
small-amplitude trait cycles (fig. 3.5B, 3.5E, 3.5H ). The phytoplankton population develops a low cellular N:P ratio which fluctuates in sync with the phytoplankton-zooplankton
oscillations, but remains in the nitrogen-limited region most of the time (fig. 3.5C, 3.5F,
3.5I ).
Thus, the evolution of N:P stoichiometry in phytoplankton crucially depends on the
type of zooplankton present in the community. With phosphorus-demanding cladocerans,
evolution selects for phytoplankton with a higher N:P ratio than that of zooplankton (fig.
3.4F, 3.4I ). In contrast, with nitrogen-demanding copepods, evolution selects for phytoplankton with a lower N:P ratio than that of zooplankton (fig. 3.5C, 3.5F, 3.5I ). In both
cases, phytoplankton attain a cellular N:P ratio that deviates from the N:P requirements
of zooplankton, thus enhancing their fitness through reduction of grazing pressure.

Effects of zooplankton selectivity
For our analysis of zooplankton selectivity, we apply bifurcation analysis to investigate
three model scenarios: one where zooplankton are phosphorus-demanding with low body
N:P ratio (‘cladocerans’), another where zooplankton are nutritionally balanced with intermediate body N:P ratio, and a third one where zooplankton are nitrogen-demanding with
high body N:P ratio (‘copepods’). For consistency, we parameterize all other aspects of the
model for copepod zooplankton, such that the three model scenarios diﬀer only in selectivity and body N:P ratio of zooplankton. To limit the number of possible model scenarios, we
focus on ecosystems with relatively low total nitrogen and total phosphorus concentrations
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Figure 3.5: Eco-evolutionary dynamics of phytoplankton-zooplankton interactions with nitrogendemanding zooplankton (‘copepods’). The graphs compare three ecosystems, with (A-C ) low, (D-F )
intermediate, and (G-I ) high nitrogen availability. A, D, G, Dynamics of phytoplankton, zooplankton,
and dissolved nitrogen and phosphorus concentrations. B, E, H, Investment of phytoplankton in nitrogen
uptake. C, F, I, Cellular N:P ratio of phytoplankton (green line); the dotted horizontal lines indicate
the body N:P ratios at which phytoplankton and zooplankton are co-limited by nitrogen and phosphorus.
Parameter values are the same as in figure 3.3, with a mildly selective copepod as zooplankton (S = 0.04).

56

Chapter 3: Eco-evolutionary dynamics of ecological stoichiometry

(thereby avoiding oscillations) at a balanced T N :T P ratio of 25:1.
When zooplankton are phosphorus-demanding, low zooplankton selectivity yields an
equilibrium with low phytoplankton abundance (fig. 3.6A) and high zooplankton abundance (fig. 3.6B ). Phytoplankton evolve a relatively high investment in nitrogen uptake
(fig. 3.6C ), and because grazing by zooplankton is hardly selective the phytoplankton
N:P ratio converges to its optimum value (fig. 3.6D). Increasing zooplankton selectivity
at first results in a slight increase in zooplankton abundance. However, a further increase
in selectivity of the phosphorus-demanding zooplankton enables phytoplankton to avoid
being grazed by evolving a high N:P ratio, which causes a decreasing zooplankton and increasing phytoplankton abundance. Investment of phytoplankton in nitrogen uptake and
their N:P ratio are both highest in the presence of mildly selective zooplankton. Strongly
selective zooplankton cannot find suﬃcient food matching their nutritional requirements,
which leads to zooplankton extinction and subsequently allows phytoplankton to evolve to
their optimum N:P ratio because they are no longer grazed. For a narrow range of zooplankton selectivities, our model predicts the occurrence of two alternative stable states
(ASS) depending on initial conditions: one ASS characterized by an optimum N:P ratio
of phytoplankton, and the other ASS characterized by a high N:P ratio of phytoplankton
(green versus blue line in fig. 3.6D).
When zooplankton are nutritionally balanced, the scope for occurrence of ASS is considerably larger (fig. 3.6E -3.6H ). In particular, the presence of mildly to strongly selective
zooplankton yields three ASS: one characterized by a low N:P ratio of phytoplankton, another by a high N:P ratio, and a third one by the optimum N:P ratio for balanced growth
(fig. 3.6H ). A phytoplankton N:P ratio that is either below or above the N:P requirements
of zooplankton allows phytoplankton to escape from grazing. The phytoplankton N:P ratio
of these two outer equilibria deviates most from the N:P requirements of the zooplankton
at an intermediate grazing selectivity. At a higher grazing selectivity, a smaller deviation
from the N:P requirements of zooplankton suﬃces to suppress grazing rate upon the phytoplankton population (compare fig. 3.1 and fig. 3.6H ). Phytoplankton with an optimum N:P
ratio are heavily grazed, yet this equilibrium is also locally stable because small deviations
in phytoplankton stoichiometry lead to only marginal reductions in grazing rate that do
not compensate for the larger reduction of the growth rate.
When zooplankton are nitrogen-demanding, increasing zooplankton selectivity again
drives an increase in phytoplankton abundance (fig. 3.6I ), and a decrease in zooplankton
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Figure 3.6: Bifurcation analysis along a gradient of zooplankton selectivity. Bifurcation diagrams are
shown for a community with (A-D) phosphorus-demanding, (E -H ) nutritionally balanced and (I -L)
nitrogen-demanding zooplankton. (A, E, I ) Population abundance of phytoplankton, (B, F, J ) population abundance of zooplankton, (C, G, K ) investment of phytoplankton in nitrogen uptake, and (D, H, L)
cellular N:P ratio of phytoplankton (solid lines), as functions of zooplankton selectivity. Multiple solid lines
within the same panel represent alternative stable states. The dotted green and red horizontal lines in (D,
H, L) indicate the body N:P ratios at which phytoplankton and zooplankton, respectively, are co-limited by
nitrogen and phosphorus. Parameter values are given in table 3.1, with total nitrogen and total phosphorus
concentrations of T N = 30 mM and T P = 1.2 mM, and evolving phytoplankton (V = 0.1) investing in
nitrogen uptake from p min = 0.1 to p max = 0.9.
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abundance that eventually leads to zooplankton extinction (fig. 3.6J ). Investment of phytoplankton in nitrogen uptake (fig. 3.6K ) and their N:P ratio (fig. 3.6L) are both lowest
in presence of mildly selective zooplankton, and increase as zooplankton becomes strongly
selective.

Synthesis
Zooplankton species diﬀer in grazing selectivity and nutritional demands. Figure 3.7A
illustrates published data on the body N:P ratio and grazing selectivity of four ecologically
relevant zooplankton taxa, where grazing selectivity is estimated qualitatively. Of these four
taxa, the freshwater cladoceran Daphnia is the least selective with lowest body N:P ratio [51,
168]. Conversely, the marine copepod Acartia is the most selective with highest body N:P
ratio [52, 169]. The cladoceran Bosmina and the copepod Eurytemora have intermediate
nutritional demands [52], with Eurytemora grazing more selectively than Bosmina [168,
170].
We used our eco-evolutionary model to investigate how the grazing selectivities and
body N:P ratios of these zooplankton taxa might aﬀect phytoplankton nutrient limitation
and N:P ratios. For this purpose, we calculated the average N:P ratio of phytoplankton as
function of body N:P ratio and grazing selectivity of zooplankton. The results show that the
eco-evolutionary dynamics can lead to three ASS: one characterized by a low N:P ratio of
phytoplankton (fig. 3.7B ), another characterized by an optimum N:P ratio of phytoplankton
(fig. 3.7C ), and a third one characterized by a high N:P ratio of phytoplankton (fig. 3.7D).
We note the consistency of these three ASS with the earlier results in fig. 3.6D, 3.6H, 3.6L.
Zooplankton that do not select for the nutritional quality of their food do not have
a strong eﬀect on the N:P ratio of phytoplankton. Hence, when zooplankton selectivity is
low (e.g., Daphnia), the model predicts that only one of the ASS exists at which the N:P
ratio of phytoplankton evolves toward an intermediate value close to their optimum N:P
ratio regardless of the body N:P ratio of zooplankton (fig. 3.7C ). When zooplankton are
mildly selective and their body N:P ratio is relatively low (e.g., the cladoceran Bosmina), the
model predicts evolution of phytoplankton with high N:P ratios (fig. 3.7D). Highly selective
zooplankton with intermediate body N:P ratio (e.g., the copepod Eurytemora) may favor
a diverse community in which phytoplankton evolves either low, intermediate or high N:P
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Figure 3.7: Eﬀect of body N:P ratio and grazing selectivity of zooplankton on the N:P ratio of phytoplankton. A, Body N:P ratio and grazing selectivity of four ecologically relevant zooplankton taxa. B -D,
Alternative stable states with (B ) low, (C ) optimum and (D) high N:P ratio of phytoplankton predicted
as function of the body N:P ratio and grazing selectivity of zooplankton. Parameter values used in (B -D)
are the same as in figure 3.6.
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ratios (fig. 3.7B -D). Finally, our model predicts that highly selective zooplankton with
high body N:P ratio such as the copepod Acartia will favor the evolution of phytoplankton
with low N:P ratios (fig. 3.7B ).

Discussion
Our model results generate four basic insights into the eco-evolutionary dynamics of N:P
stoichiometry in phytoplankton-zooplankton interactions. First, evolution of the nutrient
uptake kinetics of phytoplankton favors convergence to an optimum N:P ratio at which
phytoplankton growth becomes co-limited by nitrogen and phosphorus if zooplankton are
absent, but can lead to substantial deviations from this optimum N:P ratio when zooplankton are present in the environment. Second, nitrogen enrichment may cause a collapse
of phosphorus-demanding zooplankton, but they can be rescued from extinction through
eco-evolutionary adaptation of their phytoplankton prey. Third, interspecific variation in
nutritional demands of zooplankton has major eﬀects on the N:P ratio of phytoplankton.
Fourth, our model predicts the occurrence of ASS in the N:P stoichiometry of phytoplankton, if they are grazed by nutritionally balanced zooplankton. Below we discuss these four
insights.

Is co-limitation by nitrogen and phosphorus an evolutionarily stable strategy?
In absence of zooplankton, our model predicts that evolution of nutrient uptake kinetics
drives the elemental stoichiometry of phytoplankton toward an optimum N:P ratio at which
their specific growth rate is equally limited by nitrogen and phosphorus (fig. 3.3C, 3.3F,
3.3I ). Thus, in absence of zooplankton, co-limitation of phytoplankton by nitrogen and
phosphorus is an evolutionarily stable strategy (ESS; sensu [119]). This is a classic result,
in agreement with earlier model analyses of optimal uptake of two essential nutrients [67, 99].
When zooplankton are present, however, evolution of nutrient uptake may steer the
N:P ratio of phytoplankton away from this optimum value (figs. 3.4-3.7). The largest
deviations from the optimum N:P ratio of phytoplankton occur when zooplankton are
mildly selective (fig. 3.6D, 3.6L). Specifically, phosphorus-demanding zooplankton favor
the evolution of phytoplankton with higher N:P ratio, which leads to severe phosphorus
limitation (fig. 3.4). Conversely, nitrogen-demanding zooplankton favor the evolution of
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phytoplankton with lower N:P ratio, which leads to severe nitrogen limitation (fig. 3.5).
Both evolutionary strategies result from selection against grazing, which acts to minimize
the grazing pressure on phytoplankton. These findings can be interpreted as an example
of a competition-predation trade-oﬀ [15, 91–94, 109], emerging from the balance between
selection for growth and selection against grazing.
Our eco-evolutionary model assumes that phytoplankton adapt their traits to increase
their fitness (see equations (3.12) and (3.13)), which can potentially lead to divergence
and coexistence of phenotypes on evolutionary timescales by a process called evolutionary
branching [103]. We used pairwise invasibility plots (PIPs) to evaluate whether our model
can produce evolutionary branching, and found that investment in nitrogen uptake converges to evolutionarily stable equilibria (results not shown). Hence, these findings rule out
the possibility of evolutionary branching from a single phytoplankton phenotype towards
multiple phenotypes with diﬀerent N:P stoichiometries.

Zooplankton collapse and their eco-evolutionary rescue
An interesting observation is that phosphorus-demanding zooplankton populations may
disappear with nitrogen enrichment in our ecological model (fig. C.1) but not in our ecoevolutionary model (fig. 3.4).
In our ecological model, nitrogen enrichment leads to phytoplankton with high N:P
ratios, which are of too low food quality for phosphorus-demanding zooplankton. Hence,
phosphorus-demanding zooplankton are predicted to disappear. This model prediction is
akin to the ‘paradox of energy enrichment’ in the model of Loladze et al. [56], where
enrichment with light energy increases the C:P ratio of phytoplankton and thereby reduces
the food quality for phosphorus-demanding zooplankton to such an extent that they go
extinct. The predictions of Loladze et al. [56] are supported by experiments of Urabe and
Sterner [38] where increasing light levels enhanced primary production of the green alga
Scenedesmus but also increased their C:P ratio, which led to strongly reduced growth of
Daphnia because of the low quality of their algal food. Our results imply that nitrogen
enrichment may lead to a similar collapse of phosphorus-demanding zooplankton, which
may have considerable practical consequences in view of the current rise in N:P ratios in
many lakes and coastal waters due to eﬀective measures to reduce phosphorus loads but a
global increase of nitrogen fertilizers [34, 171, 172].
In our eco-evolutionary model, phytoplankton in nitrogen-rich environments also in-
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crease their N:P ratio when grazed by phosphorus-demanding zooplankton, which leads to a
decline of the zooplankton population. However, the selective pressure upon phytoplankton
to develop a high N:P ratio relaxes when zooplankton becomes rare and the evolutionary
dynamics shift from selection against grazing to selection for growth. As a consequence, the
nutritional quality of phytoplankton gradually improves as its N:P ratio develops toward a
more balanced co-limitation by nitrogen and phosphorus. This improved food quality, in
turn, enables recovery of the zooplankton population. Hence, our model results provide an
interesting example where eco-evolutionary adaptation of the nutritional value of the prey
rescues the predator population.

The contrasting N:P stoichiometry of freshwater versus marine plankton
Our model predicts that phosphorus-demanding cladocerans select for phytoplankton with
intermediate to high N:P ratios, whereas nitrogen-demanding copepods select for phytoplankton with low N:P ratios. Interestingly, cladocerans are particularly widespread in
freshwater environments, whereas copepods dominate the zooplankton communities of marine environments. Hence, based on our model findings, we expect that freshwater phytoplankton will tend to have a higher N:P ratio than marine phytoplankton. These model
predictions are consistent with field data. Elser and Hassett [173] and Sterner et al. [174]
reported that, on average, the N:P ratio of phytoplankton is indeed higher in lakes than in
marine sites. Traditionally, it was thought that lakes are more phosphorus-limited [1, 175]
whereas marine ecosystems are more nitrogen-limited [176, 177], which might explain this
diﬀerence in phytoplankton N:P ratio. However, field data are somewhat contradictory here.
Indeed, several reports of phosphorus limitation in various marine ecosystems [34, 113, 178],
and widespread co-limitation by nitrogen and phosphorus in freshwater ecosystems [3, 179]
indicate that diﬀerences in nutrient limitation between freshwater and marine ecosystems
are less pronounced than previously thought and strongly site-dependent. Moreover, in
agreement with our model predictions, field data show that the N:P ratio of freshwater
phytoplankton is higher than the body N:P ratio of freshwater zooplankton, whereas the
N:P ratio of marine phytoplankton is lower than that of marine zooplankton [173]. Hence,
our model results indicate that key diﬀerences in the N:P requirements of freshwater cladocerans versus marine copepods may oﬀer an interesting alternative explanation for these
large-scale diﬀerences in phytoplankton N:P stoichiometry between freshwater and marine
ecosystems.
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Nutrient recycling by zooplankton is a mechanism that may also aﬀect the N:P ratio of
phytoplankton [27, 150, 151]. For example, Elser et al. [150] and Sterner et al. [27] reported
a whole-lake experiment where cladocerans with a low body N:P ratio were replaced by
copepods with a high body N:P ratio. Because copepods retained nitrogen while they
recycled excess phosphorus, the environmental N:P ratio decreased, phytoplankton growth
shifted from phosphorus to nitrogen limitation, and the N:P ratio of phytoplankton declined.
Our model results predict that selective grazing by nitrogen-demanding copepods will also
favor phytoplankton with low N:P ratios. Hence, nutrient recycling and selective grazing
reinforce each other, as they have qualitatively similar eﬀects on the N:P stoichiometry of
phytoplankton. An interesting follow-up to our study will be to investigate the relative
impact of nutrient recycling and selective grazing on the N:P ratio of phytoplankton, by
explicitly quantifying both processes.

Alternative stable states
In ecological systems, ASS occur when ecosystems can settle in two or more stable equilibria, depending on initial conditions [180, 181]. Our eco-evolutionary model predicts the
occurrence of up to three ASS with low, optimum or high N:P ratio of phytoplankton,
depending on the body N:P ratio and grazing selectivity of zooplankton (figs. 3.6 and 3.7).
The divergence of phytoplankton to either a low N:P ratio or a high N:P ratio can be understood as two alternative ways for phytoplankton to avoid grazing by selective zooplankton.
The third ASS with an intermediate phytoplankton N:P ratio is predicted only when the
N:P requirements of zooplankton approach the optimum N:P ratio of the phytoplankton.
In this case, the reduction in grazing losses of phytoplankton by slightly evolving away from
their optimum N:P ratio is small, and does not outweigh the disadvantage of a lower growth
rate due to stronger nutrient limitation.
The presence of ASS implies that phytoplankton can evolve very diﬀerent N:P ratios depending on initial conditions, and that environmental perturbations (e.g., nutrient
enrichment) might shift the N:P ratio of phytoplankton from one stable equilibrium to a
completely diﬀerent one. Such catastrophic shifts in N:P stoichiometry of phytoplankton
can have a profound impact on aquatic ecosystems, for example by changing their species
composition or altering biogeochemical cycles.
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Further development of theory and experiments
Our model is firmly based on previous work on the ecological stoichiometry of plantherbivore interactions, and parameterized for a well-known system composed of phytoplankton (the green alga Chlorella) and two alternative zooplankton types with contrasting
nutritional demands (copepods and cladocerans). Thus, the model predictions can be readily tested using a range of experimental approaches. Selection experiments among closely
related phytoplankton strains that diﬀer in the traits of interest have proven insightful in
earlier studies [15, 107, 182, 183], and can also provide a powerful framework to investigate
the eco-evolutionary dynamics of variation in N:P stoichiometry during phytoplanktonzooplankton interactions. Furthermore, long-term experiments adopting an experimental
evolution approach [184–186] could reveal the potential for evolution to steer the N:P ratio
of phytoplankton into diﬀerent directions. For example, one may perform lab experiments
by growing phytoplankton with either copepods with high body N:P or cladocerans with
low body N:P, and test whether these diﬀerent herbivores indeed select for contrasting N:P
ratios in phytoplankton.
Yet, some model assumptions and predictions need further investigation before the
model can be fully embraced. One of the key assumptions of the model is that phytoplankton evolve their investment in nitrogen versus phosphorus uptake, whereas the N:P
stoichiometry of zooplankton does not evolve. Although this simplifying assumption facilitates our model analysis, empirical studies show that zooplankton can evolve rapidly in
response to the prevailing environmental conditions [187–189], and can adapt to changes
in the nutritional quality of phytoplankton [190–192]. Therefore, an important next step
in our model framework would be to consider phytoplankton-zooplankton coevolution, for
example by assuming that zooplankton evolve their N:P ratio in response to changes in
phytoplankton N:P ratio.
A further theoretical challenge would be investigation of the implications of mixed
diets. Our model assumes that selective zooplankton feed preferentially upon phytoplankton
whose N:P ratio aligns closely with their own nutritional requirements. It is conceivable,
however, that zooplankton will also meet their nutritional requirements if they graze on a
mixture of high N:P phytoplankton and low N:P phytoplankton in a balanced way. This
might lead to selective pressures on phytoplankton stoichiometry in mixed communities
that deviate from our approach.
A key model assumption underlying all this work is that zooplankton can select among
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phytoplankton with diﬀerent N:P ratios, either by direct detection of the nutritional quality
of their prey or else indirectly by phytoplankton traits that correlate with their N:P stoichiometry. If this assumption does not hold, the model does not apply. Several studies have
shown that herbivorous zooplankton species can indeed feed selectively on phytoplankton
that match their nutritional requirements. Cowles et al. [43] measured ingestion rates of
nitrogen-demanding adults of the copepod Acartia tonsa on mixtures of two types of the
marine diatom Thallassiosira weissflogii with diﬀerent C:N ratios, and found that they
fed more heavily on diatoms with lower C:N ratio. Meunier et al. [32] added a further
layer of complexity to these studies, by showing that the body N:P ratio of A. tonsa varies
among life stages. They found that young nauplii have a relatively low body N:P ratio
and select for phosphorus-rich algae, whereas older copepodite stages with a higher body
N:P ratio select for nitrogen-rich algae. Schatz and McCauley [31] investigated the foraging
behavior of the phosphorus-demanding cladoceran Daphnia pulex on the freshwater green
alga Chlamydomonas reinhardtii along a spatial gradient of food quality, and found that it
preferentially fed in locations where the C:P ratio of its algal prey was lowest.
Although these empirical demonstrations of zooplankton selectivity are compelling,
there is also a counter example. Isari et al. [193] reported that the copepod Acartia grani
did not display selective feeding when oﬀered mixtures of phytoplankton prey with diﬀerent
nutrient contents. As pointed out by Meunier et al. [32], however, the study of Isari et al.
[193] measured selectivity among algae with fairly similar N:P ratios (9.5 and 7, respectively)
but not among algae with divergent N:P ratios such as nitrogen- versus phosphorus-limited
algae. Hence, further experimental tests of this critical model assumption with a wider
variety of zooplankton and suﬃcient variation in the N:P stoichiometry of phytoplankton
are warranted. Such experimental tests will help to test our key prediction that diﬀerences
in grazing selectivity and nutritional demands of zooplankton may have a major impact on
the N:P stoichiometry of phytoplankton-zooplankton interactions.
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Appendix A: Nutrient mass balance and model equations

Nutrient mass balance
According to equation (3.10), the total amount of nutrient i in our model ecosystem, T i ,
includes the freely available nutrient in the environment, R i , as well as the nutrient contained in phytoplankton and zooplankton. Diﬀerentiation of equation (3.10) with respect
to time yields:
dRi dA
dQi
dZ
dTi
=
+
Qi +
A+
qi .
dt
dt
dt
dt
dt

(A.1)

Substituting equations (3.1), (3.4), (3.8) and (3.9) into equation (A.1), we get:

dTi
= −fi [Ri , Qi ] A + dAQi + mZqi + g [A, QN , QP ] Z (Qi − e [QN , QP ] qi ) +
dt
+ ((µA [QN , QP ] − d) A − g [A, QN , QP ] Z) Qi +
+ (fi [Ri , Qi ] − µA [QN , QP ] Qi ) A + ((e [QN , QP ] g [A, QN , QP ] − m) Z) qi . (A.2)
We note that the terms on the r.h.s. of equation (A.2) cancel each other out. Hence, dT i /dt
= 0, so that the total amount of nutrient i in the ecosystem remains constant over time.
In other words, our model ecosystem is a closed system with respect to nutrients.

Model equations
Below we give a concise overview of all equations in the model.
Diﬀerential equations:
dRi
dt
dA
dt
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= −fi [Ri , Qi ] A+dAQi +mZqi +g [A, QN , QP ] Z (Qi − e [QN , QP ] qi )
= µA [QN , QP ] A − dA − g [A, QN , QP ] Z

i = N, P
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dQi
dt
dZ
dt

= fi [Ri , Qi ] − µA [QN , QP ] Qi
= (e [QN , QP ] g [A, QN , QP ] − m) Z

ε dpdtN

= BV

∂w
∂pN

Functions:
fi [Ri , Qi ] = fmax,i

⇣

Ri
Ri +Ki

⌘⇣

Qmax,i −Qi
Qmax,i −Qmin,i

⇣
µA [QN , QP ] = µmax min 1 −
g [A, QN , QP ] =

α [QN , QP ] = e

−

aα[QN ,QP ]A
1+ahα[QN ,QP ]A
✓

e [QN , QP ] = min

QN
q
− qN
QP
P
2(1/S)2

⇣

−

Qmin,P
QP

⌘

◆2

QN QP
qN , qP

Ti = Ni + AQi + Zqi

Qmin,N
QN , 1

⌘

⌘

fmax,N = pN Fmax,N and fmax,P = pP Fmax,P with pN + pP = 1
w=

1 dA
A dt
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Appendix B: Eco-evolutionary dynamics in an open ecosystem
with respect to nutrients

One of the assumptions of our model is that it is a closed ecosystem with respect to nutrients.
To investigate the robustness of our model predictions, we relax this assumption to consider
an open ecosystem with respect to nutrients. In the open model ecosystem, we add a new
term to equation (3.9) describing nutrient inflow and outflow from the ecosystem:

dRi
= δ (Rin,i − Ri ) − fi [Ri , Qi ] A + dAQi + mZqi +
dt
+ g [A, QN , QP ] Z (Qi − e [QN , QP ] qi ) , (B.1)
where d is the rate of inflow and outflow of nutrient i, and R in,i is the nutrient supply. The
population dynamics of phytoplankton and zooplankton then read:
dA
= µA [QN , QP ] A − dA − δA − g [A, QN , QP ] Z,
dt

(B.2)

dZ
= (e [QN , QP ] g [A, QN , QP ] − m − δ) Z,
dt

(B.3)

where d describes the outflow rate of individuals from the ecosystem.
The results show that our model predictions for an open ecosystem are qualitatively
similar to those for a closed ecosystem (compare figs. 3.6 and B.1, and figs. 3.7 and B.2).
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Figure B.1: Bifurcation analysis along a gradient of zooplankton selectivity, assuming an open ecosystem with respect to nutrients. Bifurcation diagrams are shown for a community with (A-D) phosphorusdemanding, (E -H ) nutritionally balanced and (I -L) nitrogen-demanding zooplankton. (A, E, I ) Population
abundance of phytoplankton, (B, F, J ) population abundance of zooplankton, (C, G, K ) investment of phytoplankton in nitrogen uptake, and (D, H, L) cellular N:P ratio of phytoplankton (solid lines), as functions
of zooplankton selectivity. Multiple solid lines within the same panel represent alternative stable states.
The dotted green and red horizontal lines in (D, H, L) indicate the body N:P ratios at which phytoplankton
and zooplankton, respectively, are co-limited by nitrogen and phosphorus. Parameter values as in figure
3.6, with a nutrient inflow and outflow rate of d = 0.05 d-1 .
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Figure B.2: Eﬀect of body N:P ratio and grazing selectivity of zooplankton on the N:P ratio of phytoplankton, assuming an open ecosystem with respect to nutrients. A, Body N:P ratio and grazing selectivity
of four ecologically relevant zooplankton taxa. B -D, Alternative stable states with (B ) low, (C ) optimum
and (D) high N:P ratio of phytoplankton predicted as function of the body N:P ratio and grazing selectivity
of zooplankton. Parameter values used in (B -D) are the same as in figure 3.7, with a nutrient inflow and
outflow rate of d = 0.05 d-1 .
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Appendix

C:

Ecological

dynamics

of

phytoplankton-

zooplankton interactions

To assess how evolution aﬀects the phytoplankton-zooplankton interactions, for comparison
we also analyze an ecological version of our model where investment of phytoplankton in
nitrogen uptake is balanced and does not evolve (i.e., p N = 0.5). Similar to our analysis of
the eco-evolutionary dynamics of phytoplankton-zooplankton interactions, we contrast the
results of our ecological model for two diﬀerent zooplankton types: phosphorus-demanding
‘cladocerans’ with a low N:P ratio (fig. C.1) versus nitrogen-demanding ‘copepods’ with a
high N:P ratio (fig. C.2).
For phosphorus-demanding zooplankton (i.e., cladocerans), the model predicts that
nitrogen-poor ecosystems will lead to a stable equilibrium with low phytoplankton abundances, where zooplankton cannot find suﬃcient food to survive (fig. C.1A). Phytoplankton
do not evolve and their investment in nitrogen versus phosphorus uptake remains balanced
(fig. C.1B), yielding a low N:P ratio at which their growth rate is severely nitrogen-limited
(fig. C.1C). For ecosystems with intermediate nitrogen levels, the model predicts a stable equilibrium with high phytoplankton and low zooplankton abundances (fig. C.1D),
where phytoplankton growth is moderately phosphorus-limited (fig. C.1F ). Further nitrogen enrichment leads to a stable equilibrium with high phytoplankton abundance, where
zooplankton again cannot survive (fig. C.1G). This time, however, zooplankton extinction
is caused by the high N:P ratio of phytoplankton (fig. C.1I ), which deviates substantially
from the body N:P ratio of zooplankton. These results clearly diﬀer from the corresponding
eco-evolutionary version of our model, which predicts slow phytoplankton-zooplankton oscillations induced by trait cycles and survival of the zooplankton population at high nitrogen
levels (fig. 3.4).
The ecological dynamics of a community with nitrogen-demanding zooplankton differ from that with phosphorus-demanding zooplankton.

In particular, nitrogen en-

richment does not cause the extinction of nitrogen-demanding zooplankton, and yields
phytoplankton-zooplankton oscillations at intermediate and high nitrogen availability (fig.
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C.2D, C.2G). In other words, nitrogen enrichment improves the nutritional quality of phytoplankton for nitrogen-demanding zooplankton, and thereby enhances zooplankton growth.
These results are similar to the corresponding eco-evolutionary version of our model, which
also predicts that nitrogen enrichment yields phytoplankton-zooplankton oscillations (fig.
3.5).

Figure C.1: Ecological dynamics of phytoplankton-zooplankton interactions in presence of phosphorusdemanding zooplankton (‘cladocerans’). The graphs compare three ecosystems, with (A-C ) low, (D-F )
intermediate, and (G-I ) high nitrogen availability. A, D, G, Dynamics of phytoplankton, zooplankton,
and dissolved nitrogen and phosphorus concentrations. B, E, H, Investment of phytoplankton in nitrogen
uptake. C, F, I, Cellular N:P ratio of phytoplankton (green line); the dotted horizontal lines indicate
the body N:P ratios at which phytoplankton and zooplankton are co-limited by nitrogen and phosphorus.
Parameter values are the same as in figure 3.4, but with non-evolving phytoplankton (V = 0).
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Figure C.2: Ecological dynamics of phytoplankton-zooplankton interactions in presence of nitrogendemanding zooplankton (‘copepods’). The graphs compare three ecosystems, with (A-C ) low, (D-F )
intermediate, and (G-I ) high nitrogen availability. A, D, G, Dynamics of phytoplankton, zooplankton,
and dissolved nitrogen and phosphorus concentrations. B, E, H, Investment of phytoplankton in nitrogen
uptake. C, F, I, Cellular N:P ratio of phytoplankton (green line); the dotted horizontal lines indicate
the body N:P ratios at which phytoplankton and zooplankton are co-limited by nitrogen and phosphorus.
Parameter values are the same as in figure 3.5, but with non-evolving phytoplankton (V = 0).
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Abstract
Phytoplankton are among the smallest primary producers on Earth, and yet display a wide
range of cell sizes. Typically, small phytoplankton species are stronger nutrient competitors than large phytoplankton species, but they are also more easily grazed. In contrast,
evolution of large phytoplankton is often explained as a physical defense against grazing.
Conceptually this explanation is problematic, however, because zooplankton can coevolve
larger size to counter this size-dependent escape from grazing. Here, we hypothesize that
there is another advantage for the evolution of large phytoplankton size not so readily
overcome: larger phytoplankton often provide lower nutritional quality for zooplankton.
We investigate this hypothesis by analyzing an eco-evolutionary model that combines the
ecological stoichiometry of phytoplankton-zooplankton interactions with coevolution of phytoplankton and zooplankton size. In our model, evolution of cell size modifies the nutrient
uptake kinetics of phytoplankton according to known allometric relationships, which in turn
aﬀect the nutritional quality of phytoplankton. With this size-based mechanism, the model
predicts that low grazing pressure or nonselective grazing by zooplankton favors evolution
of small phytoplankton cells of high nutritional quality. In contrast, selective grazing for
nutritious food favors evolution of large phytoplankton of low nutritional quality, which
are preyed upon by medium- to large-sized zooplankton. This size-dependent change in
food quality may explain the commonly observed shift from dominance by small picophytoplankton in oligotrophic waters with low grazing pressure to large phytoplankton species
in nutrient-rich waters with high grazing pressure.
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Introduction

Phytoplankton control almost half of the global primary production [5, 6]. Although small
compared to terrestrial primary producers, phytoplankton display a wide variation in cell
size spanning three orders of magnitude [194, 195]. Presumably, such wide variation in cell
size evolved because larger or smaller phytoplankton size maximizes fitness under diﬀerent
environmental conditions [196]. Typically, small phytoplankton are better competitors for
nutrients [23, 197, 198], which is consistent with the common observation that small picophytoplankton dominate the oligotrophic waters of subtropical oceans [199, 200]. The key
question, then, is why should phytoplankton evolve large sizes?
Perhaps the most common answer centers on grazing. Specifically, cell size establishes
a classic trade-oﬀ between competitive ability and vulnerability to grazing [91–94, 201].
Small phytoplankton compete so well for nutrients because they have high surface areato-volume ratios (maximizing nutrient uptake across the cell surface) and thin diﬀusion
boundary layers [202–204]. In contrast, large phytoplankton are weaker competitors for
nutrients but may be less vulnerable to grazing [165, 205, 206]. At least in ecological terms
(i.e., without consideration of evolution), this trade-oﬀ implies that either small or large
phytoplankton become dominant, depending on environmental conditions. In particular,
small phytoplankton cells tend to dominate in oligotrophic waters with low zooplankton
abundances, whereas large but less vulnerable phytoplankton dominate in nutrient-rich
environments [200, 201, 207, 208].
From an evolutionary perspective, however, the occurrence of large phytoplankton
poses a challenging conundrum. While large phytoplankton can physically hinder grazing
[209, 210], zooplankton can coevolve with phytoplankton size [211, 212]. If zooplankton
evolve larger body size, they may reduce or eliminate the size-dependent physical defense
of their prey. Thus, coevolution of zooplankton size can enhance the vulnerability of large
phytoplankton to grazing, and potentially suppress their populations. Despite these caveats,
large phytoplankton abound. Therefore, the question remains: how can phytoplankton take
advantage of large cell size to reduce grazing pressure when zooplankton size coevolves?
We propose that the evolutionary advantage of large phytoplankton arises from a
lower nutritional quality of large phytoplankton cells. Our proposition stems from two
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observations. First, large phytoplankton tend to have a lower nutrient content per unit
biovolume (i.e., a lower nutritional quality) than small phytoplankton [16, 203, 213]. Second,
zooplankton can graze selectively upon nutritious phytoplankton [31, 32, 43, 45]. Such
selective grazing will favor dominance by phytoplankton of low nutritional quality [159,
214, 215]. Combining these two observations, large phytoplankton might evolve because
their low nutritional quality reduces their palatability to selective zooplankton, and thereby
alleviates their grazing pressure. Yet, large phytoplankton remain inferior competitors
for nutrients. Thus, cell size may still enable a competition-predation trade-oﬀ between
competitive ability and grazing risk, but via low nutritional quality rather than enhanced
physical defense of large cells. Is such defense based on low nutritional quality feasible and
evolutionarily stable? Could it explain persistence of large phytoplankton over evolutionary
time?
Here, we test this eco-evolutionary hypothesis with a model based on ecological stoichiometry. Our approach assumes that phytoplankton may vary plastically in their nutrient
composition [18, 54, 215], and that nutritional quality of phytoplankton decreases with cell
size. With such an eco-evolutionary and stoichiometrically explicit model, we investigate
the evolutionarily optimal cell size of phytoplankton in the absence versus presence of coevolving zooplankton along a gradient of nutrient enrichment. The model shows that phytoplankton evolve largest cell size (but poorest food quality) in nutrient-rich environments
with coevolving zooplankton that strongly select for food of high nutritional quality. Thus,
a size-based escape from grazing through low nutritional quality may indeed contribute to
the evolution of large phytoplankton.

The model

Model overview
Our model considers a simple community, with one limiting nutrient and several phytoplankton and zooplankton species. Phytoplankton species compete for the limiting nutrient according to a variable-internal-stores model [54, 55], which has been widely tested in
phytoplankton competition experiments [10, 50, 216]. Zooplankton species consume phytoplankton at a grazing rate which depends on both cell size and nutritional quality of
phytoplankton.
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The cell size of phytoplankton is a central trait that influences phytoplanktonzooplankton interactions. We assume that cell size evolves and determines the nutrient
uptake kinetics [12, 23], maximum specific growth rate [217–219] and susceptibility to grazing of phytoplankton [47]. Cell size thus establishes a multidimensional trade-oﬀ, where
small phytoplankton tend to grow and acquire nutrients faster than large phytoplankton,
but also oﬀer more attractive food items for zooplankton. We assume that the body size of
zooplankton also evolves. Their size is selected to maximize feeding rate on phytoplankton
(i.e., to optimize size-based clearance rate and handling time). Hence, phytoplankton and
zooplankton populations coevolve because they can adapt to changes in each other’s body
size.
We chose nitrogen as currency for the nutritional quality of phytoplankton. Nitrogen
is an essential element in phytoplankton and zooplankton metabolism, and an important
limiting nutrient in many natural waters [2, 3]. The model is based on known allometric
relationships for the nitrogen uptake kinetics of phytoplankton [12] and nitrogen requirements of zooplankton [51, 52]. Model variables, biological rates, and parameters are listed
in table 4.1.
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Table 4.1: Model variables, biological rates and parameter values.
Symbol

Definition

Value

Unit

Source

N

Nutrient concentration

-

mM

-

Pi

Population abundance of phytoplankton species i

-

cells L-1

-

Zj

Population abundance of zooplankton species j

-

ind L-1

-

Qi

Nutrient content of phytoplankton species i

-

fmol cell-1

-

qj

Nutrient content of zooplankton species j

-

mmol ind-1

-

xi

Cell size (diameter) of phytoplankton species i

-

mm

-

yj

Body size (diameter) of zooplankton species j

-

mm

-

1 - 200

mM

[116]

-

fmol cell-1 d-1

-

-

d-1

-

-

L ind-1 d-1

Variables a

Environmental parameter
T

Total amount of nutrient in the ecosystem

Biological rates of phytoplankton
fi

Specific nutrient uptake rate of phytoplankton
species i

mP,i

Specific growth rate of phytoplankton species i

Biological rates of zooplankton
ej
g ij

Clearance rate of zooplankton species j
Grazing rate of zooplankton species j on

ind-1

d-1

-

-

cells

-

-

d-1

-

5.88x2.46
i

fmol cell-1 d-1

[12]b

0.2xi0.99

mM

[12]b

0.58x2.52
i

fmol cell-1

[12]b

2.1xi2.55

fmol cell-1

[49, 220]

3x−0.75
i

d-1

[217, 219]

phytoplankton species i
mZ,i

Specific growth rate of zooplankton species j

Phytoplankton parameters
f max,i

Maximum nutrient uptake rate of phytoplankton

K N,i

Half-saturation constant for nutrient uptake of

species i

phytoplankton species i
Q min,i

Minimum nutrient content of phytoplankton
species i

Q max,i

Maximum nutrient content of phytoplankton
species i

mmax,i

Maximum specific growth rate of phytoplankton
species i

di

Specific mortality rate of phytoplankton species i

0.1

d-1

[167]

VP

Additive genetic variance of phytoplankton size

0.001

-

-
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Table 4.1: Model variables, biological rates and parameter values (continued).
Symbol

Definition

Value

Unit

Source

1.5x10-11

L ind-1 d-1 mm-3

[165]

y j /40

mm

[165]c

0.5

-

Zooplankton parameters
cε

Proportionality constant for clearance rate of
zooplankton

x pref,j

Phytoplankton cell size preferred by zooplankton
species j

2
σα

Variance of size preference of zooplankton

ch

Proportionality constant for handling time of

bP

Allometric increase of handling time with

cell-1

[47, 221, 222]d

0.005

ind d

3

-

[47]d

2.11

-

[222]d

0.05yj3

fmol ind-1

[51, 52, 223]

0.075yj3

fmol ind-1

[51, 52, 223]

0.4

d-1

[165]

phytoplankton prey by zooplankton

phytoplankton size
bZ

Allometric decrease of handling time with

q min,j

Minimum nutrient content of zooplankton

zooplankton size

species j
q max,j

Maximum nutrient content of zooplankton
species j

mmaxZ,j

Maximum specific growth rate of zooplankton
species j

mj

Specific mortality rate of zooplankton species j

0.1

d-1

[115]

Sj

Selectivity of zooplankton species j

0 - 40

mm3 fmol-1

-

VZ

Additive genetic variance of zooplankton size

0.01

-

-

a

Unless otherwise stated, numerical simulations consider a community with the following initial conditions: N =
T – PQ – Zq, P = 107 cells L-1 , Q = Q min , Z = 10 ind L-1 , q = q min , x = 2 mm and y = 80 mm.

b

Edwards et al. [12] report allometric relationships on the basis of cell volume (V i ), which we converted to cell
size (x i ) assuming cells had a spherical shape, i.e., V i =px3i /6.

c

We assume that the optimal cell size of phytoplankton prey is 1/40th of the body size of zooplankton. This assumption is based on the food size spectra measured by Berggreen et al. [165], where the cell size of phytoplankton
experiencing the highest grazing rate is a fraction 0.025 of the size of Acartia tonsa [165].

d

Following Turchin [221], we calculate the handling time of zooplankton as the inverse of their maximum grazing
rate. We assume that maximum grazing rate increases allometrically with body weight of zooplankton [222],
and decreases linearly with phytoplankton biovolume [47]. To obtain the proportionality constant c h , we further
assume that carbon contents of phytoplankton and zooplankton are 0.24 and 0.12 pg mm-3 , respectively [224, 225].
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Phytoplankton dynamics
Our model assumes that the cellular nutrient content of phytoplankton species i, Q i , increases due to nutrient uptake and declines due to dilution by growth [54]:
dQi
= fi − µP,i Qi ,
dt

(4.1)

where f i is the specific nutrient uptake rate and mP,i is the specific growth rate of phytoplankton species i.
The specific nutrient uptake rate of a phytoplankton species is a function of the available nutrient concentration, N, and of its cellular nutrient content Q i [9, 10]:
fi = fmax,i

✓

N
N + KN,i

◆✓

Qmax,i − Qi
Qmax,i − Qmin,i

◆

,

(4.2)

where f max,i is the maximum nutrient uptake rate of phytoplankton species i, K N,i is its
half-saturation constant, and Q min,i and Q max,i are its minimum and maximum cellular
nutrient contents, respectively. Nutrient uptake increases with nutrient availability according to Michaelis-Menten kinetics (first term in parentheses). Furthermore, the nutrient
uptake rate of phytoplankton decreases linearly with its cellular nutrient content (i.e., Q i
is constrained between Q min,i and Q max,i ; second term in parentheses). Thus, the nutrient
uptake rate is highest when phytoplankton is starved (i.e., Q i = Q min,i ), and zero when
phytoplankton is satiated with nutrients (i.e., Q i = Q max,i ). These assumptions are well
supported empirically (e.g., [9, 10, 50]).
The specific growth rate of phytoplankton, mP,i , increases with its cellular nutrient
content, Q i , according to the Droop equation [54, 55]:
◆
✓
Qmin,i
,
µP,i = µmax,i 1 −
Qi

(4.3)

where mmax,i is the maximum specific growth rate of phytoplankton species i. Hence, the
specific growth rate of phytoplankton species i becomes zero if its cellular nutrient content
has been exhausted to the minimum value Q min,i [18].
The population dynamics of phytoplankton depend on their specific growth rates,
background mortality, and grazing rates:
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p

X
dPi
= (µP,i − di ) Pi −
gij [P, X, Q, yj ] Zj ,
dt

(4.4)

j=1

where P i is the population abundance of phytoplankton species i, d i is its specific mortality
rate, and Z j is the population abundance of zooplankton species j (with p zooplankton
species in total). The grazing rate of zooplankton species j on phytoplankton species i,
g ij [P,X,Q,y j ], is a function of the population abundances (P), cell sizes (X) and cellular
nutrient contents (Q) of all phytoplankton species in the community (where bold P, X and
Q represent typical vector notation) and of its own body size (y j ).
The nutrient uptake parameters and maximum specific growth rate of phytoplankton
all vary with cell size. Specifically, we assume that maximum nutrient uptake rate ( f max,i ),
half-saturation constant (K N,i ), and minimum (Q min,i ) and maximum (Q max,i ) nutrient
content increase with cell size (diameter) x i according to known allometric relationships
[12, 49, 220], with allometric exponents of ∼1 for K N,i and ∼2.5 for f max,i , Q min,i , and
Q max,i (table 4.1; fig. 4.1A). Several studies show that maximum specific growth rate
(mmax,i ) decreases with cell size, such that the smallest phytoplankton cells tend to grow
fastest [217, 219]. Therefore, we model mmax,i as an allometrically decreasing function of
cell size x i (fig. 4.1B ):
µmax,i = 3xi−0.75 .

(4.5)

Zooplankton dynamics
The grazing rate of zooplankton depends on the volume of water in which they search for
prey (also known as the clearance rate), their size preference and selectivity for nutritional
quality, and the handling time of their prey items.
First, zooplankton have to find their prey. We assume that the clearance rate of
zooplankton species j, ej , increases with its body size y j [165]:
εj = cε yj3 ,

(4.6)

where c e is a proportionality constant.
Second, we assume that zooplankton prefer phytoplankton cells of a suitable size,
i.e., that are neither too large nor too small in comparison to their own body size [165].
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Figure 4.1: Species traits assumed to depend on cell size and nutritional quality of phytoplankton. A,
Allometric scaling of nutrient uptake parameters with phytoplankton cell size (table 4.1). The parameters
include maximum nutrient uptake rate (f max , pmol cell-1 d-1 ), half-saturation constant (K N , mM), minimum
cellular nutrient content (Q min , pmol cell-1 ), and maximum cellular nutrient content (Q max , pmol cell-1 ).
B, Maximum specific growth rate of phytoplankton, mmax , as function of phytoplankton cell size (equation
(4.5)). C, Size preference of zooplankton, a, as function of phytoplankton cell size. The curves are derived
from equation (4.7), and each curve corresponds to a diﬀerent zooplankton size (y = 100, 400 and 1600
mm). D, Probability of consumption of phytoplankton, b, as function of their nutritional quality. The curves
are derived from equation (4.9), and each curve corresponds to a diﬀerent selectivity of zooplankton (S =
0, 0.2, 0.5, 1, 2 and 6 mm3 fmol-1 ). For the purpose of illustration, this graph assumes that the average
nutritional quality of phytoplankton in the community is v mean = 3 fmol mm-3 .
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We use a log-normal function to model the size preference aij of zooplankton species j for
phytoplankton species i of size x i (fig. 4.1C ):

αij = e

−

(ln(xi /xpref,j ))
2
2σα

2

,

(4.7)

where x pref,j is the phytoplankton cell size preferred by zooplankton species j and σα2 represents the width of the log-normal relationship. Specifically, we assume that zooplankton
prefer phytoplankton prey that are 40 times smaller than their own size, i.e., x pref,j = y j /40
(based on data of the copepod Acartia tonsa; [165]).
Third, among the detected prey items of suitable size, zooplankton may select for the
most nutritious prey. We define the nutritional quality of a phytoplankton species i, v i , as
its nutrient content (Q i ) per unit of biovolume (px3i /6, given diameter x i ). For spherical
phytoplankton cells, this implies:
vi =

Qi
.
πx3i /6

(4.8)

Since the minimum and maximum cellular nutrient contents (Q min,i , and Q max,i ) increase
with cell size x i with an allometric exponent of ∼2.5 (table 4.1; fig. 4.1A), the nutritional
quality of phytoplankton decreases with cell size. To model selective grazing, we assume
that the probability b ij that zooplankton species j will consume phytoplankton species i
depends on the nutritional quality of this focal species i relative to the other species in the
phytoplankton community [87, 88, 159]:
βij =

1
,
1 + eSj (vmean −vi )

(4.9)

where S j measures the selectivity of zooplankton species j (fig. 4.1D) and v mean is the average nutritional quality in the phytoplankton community (weighted for the relative abundances of the species). Hence, a low nutritional quality of phytoplankton may oﬀer a
defense against grazing, provided that zooplankton indeed select nutritious food. Highly
selective zooplankton (S j → ∞) will switch abruptly to phytoplankton species exceeding
average nutritional quality. Conversely, nonselective zooplankton (S j = 0) will consume
each phytoplankton species with the same probability b ij = 0.5.
Fourth, zooplankton require time to handle their selected prey. We assume that the
handling time, h ij , required by zooplankton species j to consume phytoplankton species i
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depends on both phytoplankton size x i and zooplankton size y j :
hij = ch

xbi P
yjbZ

(4.10)

,

where c h is a proportionality constant, b P describes the allometric increase of handling
time with phytoplankton size [47], and b Z describes the allometric decrease of handling
time with zooplankton size [222, 225]. Hence, phytoplankton may defend themselves by
increasing in size (increasing the numerator), but zooplankton may catch up by evolving a
larger size as well (increasing the denominator).
The grazing rate of zooplankton species j on phytoplankton species i, g ij [P,X,Q,y j ],
is modeled as a multispecies type II functional response. It combines the clearance rate
(ej ), size preference (aij ), selectivity (b ij ), handling time (h ij ) and abundance of the focal
prey (P i ) and other prey species (P k ) [110, 111, 159]:
gij [P, X, Q, yj ] =

1+

ε α β P
Pn j ij ij i
.
k=1 εj αkj βkj hkj Pk

(4.11)

Zooplankton obtain nutrients from their prey. Specifically, the nutrient content of zooplankton individuals of species j, q j , increases due to nutrients contained in ingested prey
and declines due to population growth (again via Droop kinetics; [226]):
n

X
dqj
=
gij [P, X, Q, yj ] Qi
dt
i=1

✓

qmax,j − qj
qmax,j − qmin,j

◆

− µZ,j qj ,

(4.12)

where q min,j and q max,j are the minimum and maximum nutrient content, and mZ,j is the
specific growth rate of zooplankton species j. The first term on the right-hand side denotes
nutrient intake by zooplankton, which increases with their grazing rate g ij [P,X,Q,y j ] and
the cellular nutrient contents Q i of ingested phytoplankton species. The term in parentheses constrains nutrient intake by zooplankton. That is, zooplankton extract all nutrients
from ingested prey when they are nutrient-starved (i.e., q j = q min,j ), but do not extract
nutrients from ingested prey when they are satiated with nutrients (i.e., q j = q max,j ).
Note that this formulation diﬀers in a subtle way from how we modeled nutrient uptake
of phytoplankton. According to equation (4.2), the nutrient uptake rate f i declines when
phytoplankton cells become satiated with nutrient. By contrast, zooplankton maintain high
grazing rates g ij [P,X,Q,y j ] when they are satiated, but the surplus nutrient ingested by
grazing zooplankton is excreted (see below). This assumption is supported by several em-
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pirical studies, which show high nutrient excretion rates if zooplankton are satiated with
nutrient [151, 173, 227]. We assume that the minimum and maximum nutrient content of
zooplankton individuals vary isometrically with body volume (table 4.1).
The specific growth rate of zooplankton species j mirrors the Droop equation for
phytoplankton [54, 55, 226]:
◆
✓
qmin,j
,
µZ,j = µmaxZ,j 1 −
qj

(4.13)

where mmaxZ,j is its maximum specific growth rate. This equation indicates that a high
nutrient content of zooplankton supports a high specific growth rate, in line with the growth
rate hypothesis [18, 28, 30].
The population dynamics of zooplankton species j is then given by:
dZj
= (µZ,j − mj ) Zj ,
dt

(4.14)

where m j is its specific mortality rate.

Nutrient dynamics
The nutrient (nitrogen) available in the environment is consumed by phytoplankton, and
recycled by phytoplankton and zooplankton [214, 226]:
n

n

p

X
X
X
dqj
=−
fi Pi +
d i Pi Q i +
mj Zj qj +
dt
i=1
i=1
j=1
◆
✓
p X
n
X
qmax,j − qj
Zj ,
+
gij [P, X, Q, yj ] Qi 1 −
qmax,j − qmin,j

(4.15)

j=1 i=1

where the first term on the right-hand side describes nutrient uptake by phytoplankton, and
the second and third term describe nutrient recycling due to mortality of phytoplankton
and zooplankton, respectively. The fourth term describes nutrient excretion by zooplankton
[226], which represents those nutrients that are not extracted from the ingested prey and
are therefore released by zooplankton.
The total amount of nutrient in the ecosystem, T, includes the freely available nutrient,
N, as well as the nutrient contained in phytoplankton and zooplankton:
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T =N+

n
X

Pi Q i +

i=1

p
X

Zj Qj .

(4.16)

j=1

Diﬀerentiation of this equation shows that the total amount of nutrient remains constant
(i.e., dT/dt = 0). Thus, our model ecosystem is a closed system with respect to nutrients.

Coevolutionary dynamics
To investigate coevolution of phytoplankton and zooplankton size, we consider a community
consisting of one phytoplankton species (P ) and one zooplankton species (Z ). Fitness of
phytoplankton (w P ) and zooplankton (w Z ) is defined as their net specific (i.e., per capita)
growth rate under the prevailing conditions [161]:
1 dP
,
P dt
1 dZ
.
wZ =
Z dt

wP =

(4.17a)
(4.17b)

Evolutionary changes in phytoplankton and zooplankton size are modeled using a quantitative trait approach [80, 161]:
∂wP
dx
= VP x 2
,
dt
∂x
dy
∂wZ
= VZ y 2
,
dt
∂y

(4.18a)
(4.18b)

where V P and V Z are additive genetic variances of phytoplankton and zooplankton size,
and the fitness gradients ∂w P /∂x and ∂w Z /∂y measure how the fitness of phytoplankton
and zooplankton varies with individual size. We impose a physiological minimum on phytoplankton size of x = 0.5 mm. This is about the size of Prochlorococcus, which is among
the smallest phytoplankton of our planet [228, 229].
Our formulation deviates slightly from the standard approach for quantitative trait
evolution, because of the additional terms x 2 and y 2 in equations (4.18a) and (4.18b). These
terms convert evolutionary changes in absolute size to evolutionary changes in relative size.
For bacteria an increase in size of 1 mm will be a major evolutionary change, whereas for
elephants the same increase in size will go unnoticed. Addition of these squared terms
ensures that V P and V Z are both dimensionless, and hence, in relative terms, organisms
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of diﬀerent sizes will evolve at comparable rates. If body size is expressed on a logarithmic
scale, as X = ln x and Y = ln y, then equations (4.18a) and (4.18b) simplify to the standard
form:
dX
∂wP
= VP
,
dt
∂X
∂wZ
dY
= VZ
.
dt
∂Y

(4.19a)
(4.19b)

We calculate the fitness gradients of phytoplankton and zooplankton numerically. At
each time step, we generate two phytoplankton and two zooplankton mutant phenotypes
with sizes slightly larger (+0.001%) and slightly smaller (−0.001%) than the resident phenotypes. Subsequently, we calculate net specific growth rates of these mutant phenotypes in
the environment set by the resident community to estimate the local fitness gradient, and to
assess whether changes in size were under directional or disruptive selection. We examined
trait evolution with numerical simulations based on the NDSolve routine in Mathematica
10 (Wolfram Research, Champaign, IL).

Results

Ecological dynamics
To better understand the ecological context for the coevolution of phytoplankton and zooplankton size, we first investigate the underlying ecological dynamics of the model without
evolution (fig. 4.2). We therefore compare ecological dynamics of small (x = 1 mm, y =
40 mm), intermediate (10, 400 mm), and large (60, 2400 mm) phytoplankton and zooplankton, respectively, assuming that cell sizes of phytoplankton match the size preference of
zooplankton (i.e., x i = x pref,j , so aij = 1; fig. 4.1C ). In our model analysis, the amount
of phytoplankton and zooplankton is expressed in terms of their total biovolume (a proxy
of biomass), calculated as the product of individual biovolume and population abundance
((px 3 /6)P and (py 3 /6)Z, respectively). Calculation of plankton biomass enables comparison of results when individual sizes vary over orders of magnitude.
When phytoplankton and zooplankton are small, the clearance rate of zooplankton
(e) is low (see equation (4.6)). Due to their small cell size, phytoplankton have a low

91

Chapter 4: Evolution of phytoplankton size

Figure 4.2: Impact of phytoplankton and zooplankton size on ecological dynamics without coevolution. (A,
B ) Small phytoplankton (x = 1 mm) and zooplankton (y = 40 mm). (C, D) Intermediate-sized phytoplankton
(10 mm) and zooplankton (400 mm). (E, F ) Large phytoplankton (60 mm) and zooplankton (2400 mm).
The graphs show (A, C, E ) nutrient concentration, phytoplankton biomass and zooplankton biomass, and
(B, D, F ) nutritional quality of phytoplankton (v ). Initial population abundances of phytoplankton and
zooplankton are P = 107 cells L-1 and Z = 106 ind L-1 in (A, B ), P = 107 cells L-1 and Z = 103 ind L-1
in (C, D), and P = 105 cells L-1 and Z = 1 ind L-1 in (E, F ). Total nutrient in the ecosystem is T = 50
mM; other parameters as in table 4.1.
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nutrient content per cell (Q), yet they have a high nutritional quality (v ; i.e., they have
a high nutrient content per unit biovolume). In this case, the predator-prey interaction
leads to phytoplankton-zooplankton oscillations with low phytoplankton biomass and high
zooplankton biomass (fig. 4.2A, 4.2B ). When phytoplankton and zooplankton are of intermediate size, the phytoplankton-zooplankton oscillations produce higher phytoplankton
biomass and lower zooplankton biomass (fig. 4.2C ). Due to their intermediate cell size,
phytoplankton display intermediate cellular nutrient content and nutritional quality (fig.
4.2D). When phytoplankton and zooplankton are large, the clearance rate is high but
phytoplankton is of low nutritional quality. In this case, phytoplankton reaches a stable
equilibrium with high biomass of low nutritional quality, whereas the zooplankton population goes extinct (fig. 4.2E, 4.2F ). Thus, the low nutritional quality of large phytoplankton
can oﬀer a very eﬀective defense.
To confirm these results, we performed a bifurcation analysis along a gradient of
phytoplankton cell size (fig. 4.3A, 4.3B ). An increase in phytoplankton cell size enhances
phytoplankton biomass and reduces zooplankton biomass (fig. 4.3A), while the nutritional
quality of phytoplankton decreases (fig. 4.3B ). The low quality food eventually drives the
zooplankton population to extinction when phytoplankton cells become large (i.e., at x =
60 mm in fig. 4.3A).
The ecological dynamics of our model community is also aﬀected by nutrient enrichment (fig. 4.3C, 4.3D). In very nutrient-poor environments, phytoplankton biomass (fig.
4.3C ) and their nutritional quality (fig. 4.3D) are both low, and therefore cannot sustain a zooplankton population. Nutrient enrichment stimulates phytoplankton biomass
and nutritional quality, which enables establishment of the zooplankton population. With
increasing nutrient enrichment, the ecological dynamics are destabilized, which results in
phytoplankton-zooplankton oscillations of increasing amplitude through a similar mechanism as in the classical paradox of enrichment [62].

Eco-evolutionary dynamics
To study the eco-evolutionary dynamics of phytoplankton cell size, we begin with a simple
scenario where zooplankton are absent (fig. 4.4A, 4.4B ). In this case, phytoplankton are
not grazed and deplete the available nutrients. Nutrient depletion exerts strong selection
on phytoplankton to increase their competitive ability for nutrients (i.e., to develop a low
R * , sensu [99]). This can be achieved by the evolution of small cells, because they have a
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Figure 4.3: Bifurcation diagrams of the ecological dynamics along gradients of phytoplankton cell size
and nutrient enrichment. A, B, Changes in (A) phytoplankton and zooplankton biomass, and (B ) nutritional quality of phytoplankton (v ) along a gradient of phytoplankton cell size. C, D, Changes in (C )
phytoplankton and zooplankton biomass, and (D) nutritional quality of phytoplankton along a gradient
of nutrient enrichment. Solid symbols denote stable equilibria; open symbols indicate average values and
shaded areas indicate the magnitude of phytoplankton-zooplankton oscillations. In (A, B ), total nutrient
in the ecosystem is T = 50 mM, and the body size of zooplankton is assumed to be well adapted to the cell
size of phytoplankton (i.e., y = 40x, yielding a = 1). In (C, D), phytoplankton and zooplankton size are x
= 10 mm and y = 400 mm, respectively. Other parameters as in table 4.1.
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high maximum nutrient uptake rate per unit biovolume, f max /x 3 , and low half-saturation
constant, K N (see table 4.1). In the end, the phytoplankton population evolves toward a
singular phenotype with small cells that cannot be invaded by any other phenotype (fig.
4.4A). Hence, the cell size of this singular phenotype represents an evolutionarily stable
strategy (sensu [119]).

Figure 4.4: Eco-evolutionary dynamics in absence versus presence of zooplankton. (A) Evolution of
phytoplankton cell size and (B ) population dynamics of phytoplankton in absence of zooplankton. (C )
Coevolution of phytoplankton and zooplankton sizes and (D) population dynamics of phytoplankton and
zooplankton. Total nutrient in the ecosystem is T = 100 mM, and zooplankton are selective for nutritious
prey (S = 40 mm3 fmol-1 ). Other parameters as in table 4.1.

When selective zooplankton are added, selection for phytoplankton growth is opposed
by selection against grazing. In this case, phytoplankton evolve a much larger cell size
than in the absence of zooplankton (fig. 4.4C ), which reduces their nutritional quality
(fig. 4.4D). The eco-evolutionary dynamics lead to oscillations of the phytoplankton and
zooplankton populations (fig. 4.4D), where the low nutritional quality of the phytoplankton
enables the development of strikingly high phytoplankton biomass at the peaks of the
oscillations (compare fig. 4.4B and fig. 4.4D). The phytoplankton-zooplankton oscillations
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are accompanied by a mild trait cycle, with an increase in phytoplankton cell size when
grazing rates are high and a decrease when grazing rates are low (fig. 4.4C ). At each time
point during this trait cycle, changes in cell size were driven by directional selection rather
than disruptive selection. Hence, we did not find indications for evolutionary branching in
our model.

Effects of nutrient enrichment and zooplankton selectivity
We analyze the impact of nutrient enrichment on coevolution of phytoplankton and zooplankton size, assuming that zooplankton are either nonselective, mildly selective or highly
selective for the nutritional quality of their prey (fig. 4.5). When zooplankton are nonselective (S = 0), the eco-evolutionary dynamics lead to small phytoplankton cells of only 0.5
µm (fig. 4.5A). In nutrient-poor environments, low phytoplankton biomass (fig. 4.5B ) and
low nutritional quality (fig. 4.5C ) support only a small zooplankton population. Nutrient enrichment enhances phytoplankton biomass and nutritional quality, which enables the
development of a larger zooplankton population. Further nutrient enrichment destabilizes
the predator-prey interaction, resulting in pronounced fluctuations of phytoplankton and
zooplankton biomass (fig. 4.5B ) and the nutritional quality of phytoplankton (fig. 4.5C ).
Phytoplankton and zooplankton size remain small regardless of nutrient enrichment, however (fig. 4.5A).
When zooplankton are mildly selective, evolution produces medium-sized phytoplankton and zooplankton (fig. 4.5D). Nutrient enrichment results again in pronounced oscillations of phytoplankton and zooplankton biomass (fig. 4.5E ), but with a much lower
nutritional quality of phytoplankton than in case of nonselective grazing (compare fig. 4.5F
and fig. 4.5C ).
When zooplankton are highly selective, evolution leads to large phytoplankton
and zooplankton (fig. 4.5G). Their large sizes are again accompanied by pronounced
phytoplankton-zooplankton oscillations (fig. 4.5H ), a low nutritional quality of phytoplankton (fig. 4.5I ), and also by a mild trait cycle in phytoplankton size (fig. 4.5G). It is
noteworthy that nutrient enrichment in the presence of highly selective zooplankton induces
a decrease in phytoplankton and zooplankton size. This size reduction is likely related to
size-dependent nutrient demands of zooplankton. Specifically, smaller zooplankton individuals have lower minimum and maximum nutrient contents (table 4.1). Therefore, when

96

Chapter 4: Evolution of phytoplankton size

Figure 4.5: Bifurcation diagrams of eco-evolutionary dynamics along a gradient of nutrient enrichment.
The graphs compare three communities, with (A-C ) nonselective zooplankton (S = 0 mm3 fmol-1 ), (D-F )
mildly selective zooplankton (S = 4 mm3 fmol-1 ) and (G-I ) highly selective zooplankton (S = 40 mm3
fmol-1 ). A, D, G, Individual sizes of phytoplankton and zooplankton. B, E, H, Nutrient concentration,
phytoplankton and zooplankton biomass. C, F, I, Nutritional quality of phytoplankton. Solid symbols
denote stable equilibria, open symbols indicate average values, and shaded areas indicate the magnitude of
phytoplankton-zooplankton oscillations. In (B ), (E ) and (H ), part of the nutrient oscillations are hidden
below the zooplankton oscillations. Parameter values as in table 4.1.
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the abundance of low-quality phytoplankton prey increases with nutrient enrichment, the
specific growth rate of slightly smaller zooplankton may respond more strongly than that
of large zooplankton. Hence, they may reach higher fitness than large zooplankton and
natural selection favors a reduction in zooplankton size (fig. 4.5G).

The role of size-dependent nutritional quality
To further evaluate our hypothesis linking large phytoplankton size to low nutritional quality, we also analyzed an alternative model in which the nutritional quality of phytoplankton
is size-independent. The model structure and parameter values are otherwise identical (see
Appendix D for details).
When nutritional quality of phytoplankton is size-independent, evolution favors small
phytoplankton cells of ∼0.5 mm in size and relatively high nutritional quality, almost regardless of zooplankton selectivity and the total amount of nutrient in the ecosystem (fig.
4.6A, 4.6B ). The small phytoplankton cells are eaten by small zooplankton (fig. 4.6C ),
except in very nutrient-poor ecosystems where zooplankton goes extinct (white region in
fig. 4.6C ).
In contrast, when nutritional quality decreases with phytoplankton size, selective grazing by zooplankton favors evolution of large phytoplankton cells of low nutritional quality
(fig. 4.6D, 4.6E ). Phytoplankton evolve the largest cells of up to ∼50 µm when zooplankton
is highly selective for nutritious food. Zooplankton adapt to the evolution of large phytoplankton cells, and evolve larger body size than when nutritional quality is size-independent
(compare fig. 4.6C and 4.6F ). Hence, this model comparison illustrates that the size dependence of the nutritional quality of phytoplankton plays a key role in the evolution of
large phytoplankton and zooplankton.

Robustness of the model predictions
Our model assumes that the maximum specific growth rate of phytoplankton (mmax,i ) decreases allometrically with cell size (fig. 4.1B ; e.g., [217, 219]). However, several other
studies indicate that the growth rate of phytoplankton may be a unimodal function of cell
size ([206, 208, 230, 231]). To assess the robustness of the model predictions, we therefore
also analyzed a model version with mmax,i as a unimodal function of phytoplankton size
(Appendix E). This unimodal growth model predicts that even nonselective zooplankton
can favor the evolution of large phytoplankton cells of low nutritional quality (compare fig.
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Figure 4.6: Phytoplankton-zooplankton coevolution along gradients of nutrient enrichment and zooplankton selectivity. The graphs compare two model scenarios, where nutritional quality of phytoplankton is
either (A-C ) independent of cell size or (D-F ) decreases with cell size. A, D, Average nutritional quality
of phytoplankton. B, E, Average cell size of phytoplankton. C, F, Average body size of zooplankton. The
white regions in (C, F ) indicate zooplankton extinction. Other parameters as in table 4.1.
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4.5A-4.5C with fig. E.1A-E.1C in Appendix E). The other predictions of the allometric and
unimodal growth model are very similar (compare fig. 4.6 and fig. E.2 in Appendix E). In
particular, in both models the size-dependent change in nutritional quality of phytoplankton
is key for the evolution of large phytoplankton cells.
Our model assumes that trait evolution proceeds through small mutational steps.
However, a resident community resistant against small mutational changes might still be
invaded by phenotypes with very diﬀerent trait values. We therefore also investigated
whether the resident community of fig. 4.4C and 4.4D, consisting of large phytoplankton
and zooplankton, can be invaded by phytoplankton of very diﬀerent cell sizes. The invasion
analysis shows that small phytoplankton species can indeed invade (fig. F.1 in Appendix
F). Small phytoplankton have high specific growth rates (fig. 4.1B ) and experience low
grazing losses (fig. 4.1C ) in a resident community dominated by large phytoplankton and
zooplankton. Invasion of small phytoplankton might be followed by invasion of small zooplankton, which may lead to interesting patterns of evolutionary diversification in the size
structure of plankton communities (e.g., [232, 233]). Further analysis of this diversification
is beyond the scope of our study, but certainly deserves attention in future work.

Discussion
Explanations for the evolution of phytoplankton size typically assume that large phytoplankton cells are less grazed, because they are too big to be eaten or at least more diﬃcult
to consume than small phytoplankton. However, such physical defense against grazing can
be readily countered when zooplankton coevolve to match the size of phytoplankton. Previous coevolutionary models have therefore found convergence to small phytoplankton cells
[211]. Here, we propose that phytoplankton may evolve large size for a diﬀerent reason. According to known allometric relationships, increasing cell size reduces the nutritional quality
of phytoplankton. Our stoichiometrically explicit model shows that even if zooplankton coevolve in size, evolution of large but nutritionally poor phytoplankton cells oﬀers a means
to escape from high grazing pressure.
The key underlying assumption is that large phytoplankton species have lower nutritional quality than smaller ones. Several studies support this assumption [16, 203, 213].
For example, Shuter [213] compiled the cell volume and minimum cellular nitrogen and
phosphorus contents of several phytoplankton species. We used these data to calculate
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nutritional quality of phytoplankton according to equation (4.8). The results show a significant decrease of nutritional quality with cell size for nitrogen (fig. 4.7A), but not for
phosphorus (fig. 4.7B ). This diﬀerence between nitrogen and phosphorus may just reflect
limitations of the data set, however, as the phosphorus data of Shuter [213] are based on a
smaller number of species and span a smaller range of cell sizes than the nitrogen data.

Figure 4.7: Data on the nutritional quality of phytoplankton as function of cell size. A, Nitrogen-based
nutritional quality of 22 species as function of cell size. B, Phosphorus-based nutritional quality of 17 species
as function of cell size. Nutritional quality was calculated from equation (4.8), using the cell volume and
minimum cellular nitrogen and phosphorus contents of phytoplankton species reported by Shuter [213].

Edwards et al. [12] compiled a larger dataset, with minimum cellular nutrient contents
(Q min ) for nitrogen (∼40 species) and phosphorus (∼70 species). Analysis of their data
also shows that nutritional quality (v, calculated from Q min and cell volume) decreased
with cell size for nitrogen but not phosphorus. Why these patterns are diﬀerent for nitrogen and phosphorus is not known [12]. It implies, though, that the model predictions for
size-dependent nutritional quality (fig. 4.6D-4.6F ) apply better to nitrogen, whereas the
predictions for size-independent nutritional quality (fig. 4.6A-4.6C ) apply better to phosphorus. In other words, phytoplankton are predicted to evolve larger cells in response to
grazing in nitrogen-limited than in phosphorus-limited ecosystems. Intriguingly, marine diatoms are on average larger than freshwater diatoms [234], which might be associated with
the prevalence of nitrogen limitation in marine ecosystems. Future experiments could test
this hypothesis by exposing natural plankton communities to either nitrogen or phosphorus
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limitation, and investigating whether the dominant phytoplankton species will indeed be
larger under nitrogen-limited conditions.
Our model predicts that predator-prey oscillations can lead to coevolutionary trait
cycles. During these cycles, phytoplankton size increased when grazing pressure was high
and decreased when grazing pressure was low (fig. 4.4C ). Similar trait cycles arise in
other models of plant-herbivore coevolution [235–237]. Trait cycles have even appeared in
experimental studies [15, 238, 239], where green algae became well defended when grazing
pressure by rotifers was high, but less defended and more competitive when grazing pressure
was low. In these experiments, defense against grazing was not primarily related to cell
size, but to higher digestion resistance when algal cells passed through the zooplankton gut
[15, 238] or to clumping of cells [239]. In line with our model predictions, however, these
experiments demonstrate that selective grazing may lead to interesting eco-evolutionary
feedbacks between trait evolution and predator-prey oscillations.
The model predictions mirror size distributions of plankton in lakes and oceans. According to the model, in environments with low grazing pressure or nonselective grazing,
competition for nutrients will favor the evolution of small phytoplankton cells. Conversely,
large phytoplankton are predicted to dominate in environments with high grazing pressure
by nutritionally selective zooplankton (figs. 4.5 and 4.6). This size shift is supported by
many empirical studies, which show that small size confers a major competitive advantage
under nutrient-limited conditions when grazing pressure is low [23, 197, 202, 208]. For
example, Burson et al. [198, 240] performed multispecies competition experiments with
natural phytoplankton communities encompassing a wide range of cell sizes. Zooplankton was eliminated prior to their experiments. In all competition experiments, the 2-4
smallest phytoplankton taxa, ranging in size from 1.5 to 8.3 mm, competitively displaced
the larger phytoplankton species [198, 240]. Similarly, in the oceans small picocyanobacteria such as Prochlorococcus and Synechococcus dominate the oligotrophic subtropical gyres
[199, 200, 228]. Conversely, large diatoms and dinoflagellates often become more prevalent in nutrient-rich coastal waters and upwelling regions, where competition for nutrients
may be less intense but grazing for nutritious food often exerts a high selection pressure
[196, 207, 208].
Several other biological considerations could enrich our size-based stoichiometric
model. For instance, addition of a predator on zooplankton can produce a three-level
trophic cascade [241, 242]. Nutrient enrichment in tritrophic ecosystems may increase
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predator abundance rather than herbivore abundance, which may weaken selection against
grazing in comparison to our two-trophic system. Furthermore, primary producers may develop other grazing defenses dependent on nutrient availability, such as tolerance by rapid
compensatory growth or the production of secondary metabolites (e.g., [127, 243, 244]). For
example, several phytoplankton species produce toxins that deter zooplankton [245–247].
Relaxation of grazing pressure through these alternative defense mechanisms will reduce
the need to escape from grazing by the evolution of large size. Finally, phytoplankton size
also aﬀects other traits, such as the flotation or sinking velocity of cells [205]. For example,
large buoyant cyanobacteria rapidly float upwards and can develop dense blooms at the
water surface, displacing smaller non-buoyant species by shading them [248–250]. Thus,
other phytoplankton traits will also influence the evolution of phytoplankton size.
In conclusion, our results show that selective grazing on nutritious prey favors the
evolution of large phytoplankton cells of low nutritional quality. Of course, this is not the
only mechanism at play. Phytoplankton have also evolved other defense mechanisms (e.g.,
secondary metabolites, thick cell walls, long spines) and other size-dependent traits (e.g.,
buoyancy and sinking). Nonetheless, our study oﬀers a novel solution to the classic question
why phytoplankton evolve large size in response to grazing, and thereby sheds new light
on the eco-evolutionary forces shaping the size distribution and ecological stoichiometry of
plankton communities.
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Appendix D: Model with size-independent nutritional quality
of phytoplankton

Our model assumes that nutritional quality of phytoplankton decreases with cell size. To
investigate the implications of this assumption, here we develop an alternative model in
which nutritional quality is independent of cell size. Predictions of this alternative model
are shown in fig. 4.6A-4.6C. This alternative model is similar to our model described in the
main text, except that it uses a diﬀerent allometric scaling of the cellular nutrient contents
of phytoplankton. Specifically, it assumes that the minimum and maximum cellular nutrient
content of phytoplankton species i are directly proportional to cell volume:
Qmin,i = γmin,i x3i and Qmax,i = γmax,i x3i ,

(D.1)

where gmin,i and gmax,i are proportionality constants.
Inserting equation (D.1) into equation (4.8) shows that the nutritional quality of phytoplankton species i is now bounded between the minimum and maximum values v min,i
and v max,i , respectively:
vmin,i =

γmax,i
γmin,i
and vmax,i =
.
π/6
π/6

(D.2)

Hence, the nutritional quality of phytoplankton is indeed size-independent in this model.
We chose values of gmin,i and gmax,i such that the nutritional quality was the same as that of
phytoplankton cells of 2 mm in the size-dependent model of the main text (i.e., gmin,i = 0.42
fmol cell-1 mm-3 ; gmax,i = 1.54 fmol cell-1 mm-3 ). All other equations and parameter values
of this alternative model were the same as in the model with size-dependent nutritional
quality.
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Appendix E: Model predictions if growth rate is a unimodal
function of size

Our model assumes that the maximum specific growth rate of phytoplankton is an allometrically decreasing function of cell size (see equation (4.5) and fig. 4.1B ). While this
model assumption has empirical support [217–219], other studies suggest that the growth
rate of phytoplankton is a unimodal function of cell size [206, 208, 230, 231]. To assess the
robustness of our model predictions, we therefore also analyzed a model where maximum
specific growth rate of phytoplankton is a unimodal function of cell size [231]:
µmax,i = µopt e

−

(ln(xi /xopt ))2
2
2σµ

,

(E.1)

where x opt = 5.76 mm is the cell size that yields the highest maximum specific growth rate
of mopt = 1.9 d-1 , and σµ2 = 2 is the width of the log-normal relationship.
All other equations and parameter values of this unimodal model were the same as in
the allometric model of the main text (table 4.1). However, the additive genetic variance of
zooplankton size was reduced to V Z = 0.001 when nutritional quality was size-dependent,
to avoid numerical instabilities in the model simulations.
First, we analyzed this unimodal model along a gradient of nutrient enrichment, assuming that zooplankton are either nonselective, mildly selective, or highly selective (fig.
E.1). When zooplankton are nonselective (S = 0), the predictions of the unimodal model
diﬀer somewhat from those of the allometric model in the main text (compare fig. E.1AE.1C and fig. 4.5A-4.5C ). More specifically, in the unimodal model, nutrient enrichment
favors evolution of large-sized phytoplankton and zooplankton (fig. E.1A), accompanied by
a sharp drop in nutritional quality (fig. E.1C ). For mildly and highly selective zooplankton,
the predictions of the allometric and unimodal model are more similar. For example, both
models predict that highly selective grazing favors evolution of larger phytoplankton and
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zooplankton sizes than mildly selective grazing (compare figs. 4.5D-4.5I and E.1D-E.1I ).
Hence, in total, large phytoplankton size evolves for an even wider range of zooplankton
selectivities in the unimodal model than in the allometric model.

Figure E.1: Bifurcation diagrams of eco-evolutionary dynamics along a gradient of nutrient enrichment
(T ), assuming that the maximum specific growth rate of phytoplankton is a unimodal function of cell size
(equation (E.1)). The graphs compare three communities, with (A-C ) nonselective zooplankton (S = 0 mm3
fmol-1 ), (D-F ) mildly selective zooplankton (S = 4 mm3 fmol-1 ), and (G-I ) highly selective zooplankton
(S = 40 mm3 fmol-1 ). A, D, G, Individual sizes of phytoplankton and zooplankton. B, E, H, Nutrient
concentration, phytoplankton and zooplankton biomass. C, F, I, Nutritional quality of phytoplankton.
Solid symbols denote stable equilibria, open symbols indicate average values, and shaded areas indicate the
magnitude of phytoplankton-zooplankton oscillations. Additive genetic variance of zooplankton size is V Z
= 0.001. Other parameters as in table 4.1.
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Second, we investigate the joint eﬀects of nutrient enrichment and zooplankton selectivity on the coevolution of phytoplankton and zooplankton size, assuming that nutritional
quality of phytoplankton is either size-independent or size-dependent (fig. E.2). Similar to
the allometric model in the main text, the unimodal model predicts that phytoplankton
and zooplankton remain small when nutritional quality is size-independent (compare fig.
4.6A-4.6C and fig. E.2A-E.2C ). When nutritional quality is size-dependent, both models
predict that zooplankton grazing tends to favor large phytoplankton of low nutritional quality (compare fig. 4.6D-4.6F and fig. E.2D-E.2F ). However, as noted above, this outcome
holds only for selective zooplankton in the allometric model, whereas it holds irrespective
of zooplankton selectivity in the unimodal model.
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Figure E.2: Phytoplankton-zooplankton coevolution along gradients of nutrient enrichment and zooplankton selectivity, assuming that the maximum specific growth rate of phytoplankton is a unimodal function
of cell size (equation (E.1)). The graphs compare two model scenarios, where nutritional quality of phytoplankton is either (A-C ) independent of cell size or (D-F ) decreases with cell size. A, D, Average nutritional
quality of phytoplankton. B, E, Average cell size of phytoplankton. C, F, Average body size of zooplankton.
White regions in (C, F ) indicate zooplankton extinction. Additive genetic variance of zooplankton size is
V Z = 0.001 in (D-F ). Other parameters as in table 4.1.
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Appendix F: Invasion analysis

Thus far, our model assumed that trait evolution proceeds through very small mutational
steps (in our case, small changes in cell size). Here, we investigate whether the model allows
invasion of a resident community by phytoplankton invader phenotypes with distinctly
diﬀerent cell sizes. Specifically, we assume that phytoplankton invader phenotypes are
similar to the resident phenotype except for their cell size (x inv ), and are suﬃciently rare
that they do not aﬀect the population dynamics of the resident community. For the purpose
of illustration, consider the resident community shown in fig. 4.4C. The invasion fitness
(i.e., the net specific growth rate) of the phytoplankton invader phenotype, w P,inv , can be
calculated as:
wP,inv =

1 dPinv
,
Pinv dt

(F.1)

where P inv is the population abundance of the phytoplankton invader. Substituting equation (4.4) into equation (F.1) yields:
wP,inv = µP,inv − d −

ginv Z
,
Pinv

(F.2)

where mP,inv is the specific growth rate of a phytoplankton invader phenotype, d is the
specific mortality rate, and g inv is the rate at which the invader is grazed by zooplankton.
The eco-evolutionary dynamics of the resident community displays periodic fluctuations
(fig. 4.4C ). Therefore, we calculated time-averaged invasion fitness over a discrete number
of cycles to determine the outcome of invasion. Thus, the fate of a phytoplankton invader
depends on the balance between its average specific growth rate (mP,inv ) and its losses due
to natural mortality (d ) and grazing (g inv Z /P inv ). Successful invasion occurs if, averaged
over time, mP,inv > d + g inv Z /P inv .
With this technique, we ask if small phytoplankton cells can invade a resident community dominated by large species. The resident community consists of large phytoplankton
and zooplankton (i.e., x ≈ 40 mm and y ≈ 1000 mm; see fig. 4.4C ). The large phytoplankton
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cells have low nutritional quality and exceed the size preferred by the grazing zooplankton
(x pref = y/40 = 25 mm). Therefore, grazing losses in the resident community are low (fig.
F.1). The average specific growth rate of phytoplankton invaders increases with decreasing
cell size (fig. F.1). Moreover, small invading phytoplankton (x inv << x pref ) are hardly
grazed by the large resident zooplankton. As a consequence, small phytoplankton invading
the resident community have a high specific growth rate that greatly exceeds their natural
mortality and low grazing losses (i.e., mP,inv > d + g inv Z /P inv ). Hence, their invasion
fitness is positive (fig. F.1). The resident plankton community can therefore be invaded by
small phytoplankton of high nutritional quality.

Figure F.1: Specific growth rate (mP,inv ), grazing losses (g inv Z /P inv ) and invasion fitness (w P,inv ) of
phytoplankton invader phenotypes as functions of their cell size. Cell size of the resident phytoplankton
population fluctuates between 39 and 42 mm (horizontal double arrow). Small phytoplankton can rapidly
invade this resident community. Total nutrient in the ecosystem is T = 100 mM, and zooplankton are highly
selective (S = 40 mm3 fmol-1 ). Other parameters as in table 4.1.

110

Chapter 5: Zooplankton grazing stabilizes the deep
chlorophyll maximum4

Pedro Branco* , Martijn Egas¶ , André M. de Roos§ and Jef Huisman*

Department of Freshwater and Marine Ecology, Institute for Biodiversity and Ecosystem

*

Dynamics, University of Amsterdam, P.O. Box 94240, 1090 GE Amsterdam, The Netherlands
¶

Department of Evolutionary and Population Biology, Institute for Biodiversity and

Ecosystem Dynamics, University of Amsterdam, P.O. Box 94240, 1090 GE Amsterdam,
The Netherlands
Department of Theoretical and Computational Ecology, Institute for Biodiversity and

§

Ecosystem Dynamics, University of Amsterdam, P.O. Box 94240, 1090 GE Amsterdam,
The Netherlands

4

This chapter is based on the manuscript: Branco, P., Egas, M., de Roos, A. M. & Huisman, J. Zooplankton
grazing stabilizes the deep chlorophyll maximum. To be submitted.

111

Chapter 5: Depth and stability of deep chlorophyll maxima

Abstract
Primary production in aquatic ecosystems is often limited by light supplied from the surface and nutrients supplied from below. These two opposing resource gradients can produce
deep layers of high phytoplankton abundance, known as deep chlorophyll maxima (DCMs).
Grazing by zooplankton is known to aﬀect phytoplankton populations (e.g., by generating
phytoplankton-zooplankton oscillations), but has received little attention in model studies
of DCMs. Here, we analyze a DCM model that assumes that zooplankton graze selectively
on phytoplankton matching their nutritional requirements, and examine how the depth
and stability of DCMs vary along major environmental gradients in the absence and presence of zooplankton grazing. Our model predicts that clear oligotrophic waters with low
turbulent mixing favor the formation of a DCM. DCMs are stable with neutrally buoyant
phytoplankton, but may oscillate over time if they consist of sinking phytoplankton (e.g.,
diatoms). DCMs shift to shallower depths with increasing background turbidity and nutrient availability, which is in good agreement with observational studies. Zooplankton are
predicted to graze most extensively on the more nutritious phytoplankton closely below
the DCM. Surprisingly, our model results show that zooplankton grazing can increase the
stability of DCMs, and suppress population fluctuations of sinking phytoplankton by enhancing nutrient recycling within the euphotic zone. Implementation of these findings in
ocean biogeochemical models may contribute to further elucidation of how global change
aﬀects primary production, carbon export and other ecosystem processes in which DCMs
play a major role.
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Introduction

Primary production in aquatic ecosystems is often limited by the availability of nutrients
[2, 3] and light [249, 251, 252]. Solar irradiance is supplied from above and attenuates with
depth. Conversely, nutrients are often depleted in the surface layer but can be replenished
from the sediment or deeper parts of the water column below. These two opposing resource
gradients may produce deep layers of high phytoplankton abundance known as deep chlorophyll maxima (DCMs; e.g., [253–258]). DCMs are a common feature in oligotrophic lakes
and are widespread in the subtropical ocean gyres, where they may account for a large
fraction of the primary production [259–261] and play an important role in the nutrient
cycling of aquatic ecosystems [262, 263]. Given their substantial contribution to primary
production, DCMs may also provide a locally abundant source of food that shapes the
vertical distribution of zooplankton [254, 264, 265].
The depth at which DCMs occur ranges from just a few meters to more than one
hundred meters below the water surface. Specifically, the depth of DCMs depends on
abiotic factors such as nutrient and light availability [253, 255, 258, 266, 267], and also on
biotic factors such as sinking velocity of phytoplankton and grazing by zooplankton [268–
270]. Model studies have shown that these factors may aﬀect the stability of DCMs as well
[98, 271]. For example, Huisman et al. [98] analyzed a model where phytoplankton growth
is limited by light and nutrient availability, and found that poorly mixed water columns with
fast-sinking phytoplankton can produce unstable DCMs that oscillate over time. Intuitively,
such destabilization of DCMs is readily explained by a diﬀerence in time scale between the
fast-sinking phytoplankton population rapidly exporting nutrients from the surface layer to
the deep, and the slow upward turbulent diﬀusion of nutrient gradually bringing nutrients
back to the surface layer. This diﬀerence in time scale leads to an “advection-diﬀusion
instability” and causes DCMs to oscillate [98]. DCM oscillations potentially increase the
variability of primary production in natural waters, and may thereby aﬀect important
ecosystem processes such as carbon export and nutrient cycling.
Most DCM models assume that grazing by zooplankton is negligible, and therefore
does not aﬀect phytoplankton populations [98, 267, 271–273]. In reality, however, zooplankton can be highly abundant in DCMs [265, 274–276], and several studies have pointed out
that zooplankton grazing aﬀects the vertical distribution of phytoplankton in the water col-
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umn [264, 270, 277, 278]. Moreover, both theoretical and experimental studies have shown
that zooplankton grazing often has destabilizing eﬀects on phytoplankton populations, resulting in phytoplankton-zooplankton oscillations (e.g., [15, 133, 134, 279]), although to our
knowledge phytoplankton-zooplankton oscillations have never been reported from DCMs.
Hence, the impact of zooplankton grazing on the development of DCMs remains poorly
studied. In particular, two questions stand out: (1) How do zooplankton aﬀect the depth
of the DCM? (2) Do zooplankton have a stabilizing or destabilizing eﬀect on the DCM?
To address these questions, we elaborate on the DCM model of Huisman et al. [98], by
adding zooplankton to the water column. We adopt a stoichiometrically explicit approach,
in which the cellular nutrient content of phytoplankton depends on the uptake of nutrient
from the water column [11, 18, 280], and zooplankton can graze selectively depending on
the nutritional quality of their phytoplankton prey [31, 32, 47, 89, 215]. The aim of our
numerical model analysis is twofold. First, we examine how the depth of a DCM varies with
nutrient and light availability, vertical mixing and zooplankton grazing. Second, we assess
the stability of a DCM, and investigate how the DCM oscillations described by Huisman
et al. [98] are aﬀected by these environmental factors.

The model
Our model considers a vertical water column where one phytoplankton species grows and
is grazed by one zooplankton species. Phytoplankton are dispersed passively by vertical
mixing and sinking, whereas zooplankton move actively by random swimming. We assume
that light is supplied from the surface of the water column, whereas nutrients are supplied
from the sediment or from deeper water layers below the euphotic zone [98, 267, 271, 272].
Phytoplankton growth is based on a variant of the variable-internal-stores model [18, 54, 55],
which assumes that phytoplankton growth at a given depth in the water column depends
on their cellular nutrient storage and the local light intensity. Zooplankton graze upon
phytoplankton according to their nutritional quality [31, 32, 43, 47], and have a preference
for phytoplankton that meet their nutritional requirements [215].
The population dynamics of plankton in a vertical water column can be modeled using a variety of methods, including individual-based models and reaction-advection-diﬀusion
models [280]. Individual-based models keep track of each plankton individual in the water column, and therefore provide a very detailed description of the population dynamics
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(e.g., [281, 282]). However, individual-based models involve the bookkeeping of a large
number of plankton individuals, which renders this approach computationally challenging.
Alternatively, reaction-advection-diﬀusion models average the individual diﬀerences among
plankton individuals located at a given depth in the water column, thereby alleviating the
computational burden of individual-based models while often yielding an accurate approximation of the dynamics at the population and community level [280, 283, 284]. Given the
accuracy and computational advantages of reaction-advection-diﬀusion models, we use this
approach as specified in the next sections.

Phytoplankton dynamics
We consider a vertical water column, where z denotes the depth that runs from z = 0 at
the surface to z = z max at the bottom of the water column. Phytoplankton at a given
depth in the water column grow according to the local environmental conditions, including
their local growth rate, mortality rate and grazing rate by zooplankton. Furthermore,
phytoplankton move passively to adjacent depths as a result of sinking and vertical mixing.
The population dynamics of phytoplankton can then be described by a reaction-advectiondiﬀusion equation:
∂P
= growth − mortality − grazing − sinking + mixing
∂t
∂P
∂2P
= µP (Q, I) P − mP P − g (P, Q) Z − υP
+D 2 ,
∂z
∂z

(5.1)

where P is the local population abundance of phytoplankton, m P is the specific mortality
rate of phytoplankton, Z is the local population abundance of zooplankton, uP is the sinking
velocity of phytoplankton and D is the vertical turbulent diﬀusivity. The specific growth
rate of phytoplankton at a given depth z in the water column, µ P (Q,I ), is a function of
the cellular nutrient content of phytoplankton, Q(z ), and the local light intensity, I (z ), at
this depth. The grazing rate on phytoplankton at a given depth z in the water column,
g(P,Q), is a function of the local population abundance and cellular nutrient content of
phytoplankton at this depth.
The net amount of nutrient that has been sequestered by the local phytoplankton
population depends on their local nutrient uptake rate, mortality rate and grazing rate by
zooplankton, as well as passive transport of the nutrient-containing phytoplankton cells by
sinking and vertical mixing. The change in the amount of nutrient sequestered by the local
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phytoplankton population can therefore also be described by a reaction-advection-diﬀusion
equation:
∂U
= uptake − mortality − grazing − sinking + mixing
∂t
∂U
∂2U
= f (N, Q) P − mP P Q − g (P, Q) QZ − υP
+D 2 ,
∂z
∂z

(5.2)

where U is the (net) amount of nutrient sequestered by the local phytoplankton population,
and f (N,Q) is the specific nutrient uptake rate of phytoplankton as a function of the local
environmental nutrient concentration, N, and the cellular nutrient content of phytoplankton.
We assume zero-flux boundary conditions for phytoplankton and their sequestered nutrients,
so that they do not enter or leave the water column:
✓
✓

∂P
∂z

◆

∂U
−υP U + D
∂z

◆

−υP P + D

−υP P + D

z=0

✓

∂P
∂z

◆

z=zmax

z=0

✓

∂U
−υP U + D
∂z

◆

z=zmax

=

=

= 0,

(5.3a)

= 0.

(5.3b)

Follow-up studies may want to relax this simplifying assumption, for instance to include
transport of phytoplankton and their sequestered nutrients to the sediment.
The nutrient content of phytoplankton cells at a given depth z in the water column is
calculated from the amount of nutrient sequestered by the local phytoplankton population
and their local population abundance [280, 283]:
Q (z) =

U (z)
.
P (z)

(5.4)

We note that this equation implicitly assumes that when two or more phytoplankton cells
with diﬀerent cellular nutrient contents move to the same depth, they immediately adjust
to obtain a uniform cellular nutrient content at that depth. This “local averaging” of the
cellular nutrient contents is justified because phytoplankton cells move to a given depth from
nearby locations with similar environmental conditions, so that the adjustment implied by
equation (5.4) is small [280].
Our model assumes that the specific nutrient uptake rate of phytoplankton at a given
depth is a function of the local environmental nutrient concentration and their cellular
nutrient content [9, 10]:
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f (N, Q) = fmax

Qmax − Q
N
,
N + KN Qmax − Qmin

(5.5)

where f max is the maximum specific nutrient uptake rate of phytoplankton, K N is their
nutrient half-saturation constant, and Q min and Q max are their minimum and maximum
cellular nutrient contents, respectively. In this equation, the specific nutrient uptake rate
of phytoplankton increases with the environmental nutrient concentration according to
Michaelis-Menten kinetics. However, the specific nutrient uptake rate of phytoplankton
can be down-regulated by a physiological feedback mechanism mediated by their cellular
nutrient content, which is constrained between Q min and Q max . That is, the specific nutrient uptake rate is highest when phytoplankton are starved (i.e., Q = Q min ) and reduces
to zero when phytoplankton are satiated with nutrients (i.e., Q = Q max ). Experimental
support for these assumptions is provided by studies of the nutrient uptake kinetics of
phytoplankton species (e.g., [9, 10, 50]).
The specific growth rate of phytoplankton at a given depth in the water column depends on their cellular nutrient content and the local light intensity at this depth according
to the Law of the Minimum [65]:
◆
✓
I
Qmin
,
;
µP (Q, I) = µmax min 1 −
Q I + KI

(5.6)

where mmax is the maximum specific growth rate of phytoplankton, and K I is their light
half-saturation constant. We note that the maximum specific growth rate of phytoplankton is never fully realized, because their cellular nutrient content Q is bounded by Q max .
The minimum function in equation (5.6) indicates that phytoplankton growth is either
nutrient- or light-limited, depending on which resource limits phytoplankton growth the
most. Nutrient-limited phytoplankton growth is modeled with the Droop equation (first
term in the minimum function; [54]), which states that the specific growth rate of phytoplankton is positive if their cellular nutrient content exceeds the minimum value (Q min )
required for basal metabolism and survival [18]. Light-limited phytoplankton growth is
modeled with a simple Monod equation (second term in the minimum function; [285, 286]).
Light is supplied from the surface of the water column, and absorbed by water, dissolved and particulate matter, and phytoplankton cells in the water column. More specifically, the local light intensity at depth z is described by Lambert-Beer’s law [287, 288]:
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−

I (z) = Iin e

ˆ

z

(Kbg +kP P (ž))dž

0

,

(5.7)

where I in is the incident light intensity, K bg is the background turbidity of the water column
and k P is the specific light absorption coeﬃcient of phytoplankton cells (also known as their
absorption cross-section). The integral term is required to account for the non-uniform
distribution of the phytoplankton population over depth.

Zooplankton dynamics
The grazing rate of zooplankton is modeled as a type II functional response [110, 159]:
g (P, Q) =

aα (Q) P
,
1 + ahα (Q) P

(5.8)

where a is the search rate of zooplankton, a(Q) is the probability that zooplankton will consume encountered phytoplankton cells given their nutritional quality, and h is the handling
time of zooplankton per prey item.
Several experimental studies have shown that grazing by zooplankton depends on the
nutritional quality of phytoplankton [31, 32, 43–46, 48]. For instance, various zooplankton
species can sense the nutrient content of their prey through chemical cues, such as the
chemical composition of their outer cell surface [48] and leakage of nutrient-rich molecules
[45, 47]. We therefore assume that the probability that zooplankton will consume encountered phytoplankton depends on the nutritional quality of that phytoplankton relative to
the nutritional requirements of zooplankton. The nutritional quality of phytoplankton,
gP (Q), and nutritional requirements of zooplankton, gZ , are defined as their individual
nutrient contents per unit of biovolume:
Q (z, t)
,
VP
q
,
γZ =
VZ

γP (Q) =

(5.9a)
(5.9b)

where V P and V Z are the individual biovolumes of phytoplankton and zooplankton, respectively, and q is the individual nutrient content of zooplankton. Whereas the cellular nutrient
content of phytoplankton may vary widely, the nutrient content of zooplankton is usually
more homeostatic [18]. Therefore, we will treat q (and hence the nutritional requirements
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of zooplankton) as a fixed parameter rather than as a dynamic variable. Furthermore, we
assume that zooplankton preferentially feed on phytoplankton with a nutritional quality
neither much higher nor much lower than their own nutritional requirements. This phenomenon has become known as the “stoichiometric knife-edge” [42, 89], and is incorporated
in our model by a simple Gaussian relationship [215]:
α (Q) = e

−

(γZ −γP (Q))2
2(1/S)2

,

(5.10)

where S measures the grazing selectivity of zooplankton for nutritionally balanced phytoplankton (i.e., the width of the Gaussian curve). If zooplankton are nonselective (S →
0), then phytoplankton are consumed with the same probability, a(Q) = 1, irrespective of
their nutritional quality. Conversely, if zooplankton are highly selective (S → ∞), then
they consume only phytoplankton with nutritional quality matching their own nutritional
requirements.
We assume that zooplankton assimilate the ingested phytoplankton with eﬃciency
e(Q) [56, 159]:
e (Q) =

Q (z, t)
.
q

(5.11)

Accordingly, a high cellular nutrient content of phytoplankton or a low individual nutrient
content of zooplankton will result in high assimilation eﬃciencies. Zooplankton usually
have a higher individual nutrient content per unit carbon than phytoplankton [14]. When
expressed on a per-unit-carbon basis, this precludes assimilation eﬃciencies greater than 1.
The population dynamics of zooplankton is described by a reaction-diﬀusion equation:
∂Z
= growth − mortality + motility
∂t
∂2Z
= e (Q) g (P, Q) Z − mZ Z + DZ 2 ,
∂z

(5.12)

where m Z is the specific mortality rate of zooplankton, and D Z measures their motility.
For simplicity, we assume that zooplankton move actively through the water column in a
random manner at a rate exceeding the random dispersal of phytoplankton cells by turbulent
diﬀusion (i.e., D Z > D). We assume zero-flux boundary conditions for zooplankton, so that
zooplankton do not enter or leave the water column:

119

Chapter 5: Depth and stability of deep chlorophyll maxima

DZ

∂Z
∂z

= DZ
z=0

∂Z
∂z

(5.13)

= 0.
z=zmax

Nutrient dynamics
Nutrients are consumed by phytoplankton, recycled by the mineralization of dead phytoplankton and zooplankton, and redistributed throughout the vertical water column by
turbulent diﬀusion. Changes in nutrient concentration may then be described by a reactiondiﬀusion equation:
∂N
= −uptake + recycling + mixing
∂t
= −f (N, Q) P + (ωP mP P Q + ωZ mZ Zq) + D

∂2N
,
∂z 2

(5.14)

where wP and wZ denote the nutrient recycling coeﬃcients of dead phytoplankton and
zooplankton, respectively. We assume a zero-flux boundary condition for nutrient at the
surface of the water column, whereas nutrients are replenished from deeper water layers or
from the sediment [267]:
D
D

∂N
∂z

∂N
∂z

= 0,

(5.15a)

= Dp (NS − N (zmax , t)) ,

(5.15b)

z=0

z=zmax

where p is the permeability of the interface between sediment and water column, N S is the
nutrient concentration supplied from the sediment or deeper water layers, and N (z max ,t)
is the nutrient concentration at the bottom of the water column. We note that equation
(5.15b) approaches a zero-flux boundary condition when permeability is very low (p → 0).

Parameterization of the model
Unless noted otherwise, we have chosen parameter values representative for DCMs in clear
waters of the oligotrophic ocean with weak turbulent mixing, in which phytoplankton sink
moderately fast [98]. Our default model parameterization also assumes that zooplankton are
mildly selective. Nitrogen is an essential element in the metabolism of phytoplankton and
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zooplankton, and an important limiting nutrient in many natural waters [2, 3]. We therefore
parameterized our model using nitrogen-based parameter values [98, 289]. Zooplankton
parameter values were obtained from the marine copepod Acartia tonsa [52, 114, 115, 165].
We choose a copepod species to model zooplankton, since copepods tend to be more selective
grazers than generalist filter feeders such as Daphnia. Model variables and parameters are
listed in table 5.1.

Spatial discretization and numerical simulation techniques
For our model simulations, we first discretized the reaction-advection-diﬀusion equations
following the Method of Lines, using a vertical resolution of 0.5 meters. Specifically, advection terms were discretized by a third-order upwind approach, diﬀusion terms by a symmetric second-order discretization, and the integral term for light by the repeated trapezoidal
rule [98, 290]. The resulting system of ordinary diﬀerential equations was subsequently
integrated over time using the NDSolve routine in Mathematica 12, where we applied an
explicit fourth-order Runge-Kutta method of numerical integration with a fixed step size
of 0.0025 days.
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Table 5.1: Model variables and parameter values.
Symbol Definition

Unit

Value

Source

Independent variables
t

Time

d

-

-

z

Depth

m

-

-

Dependent variables
N

Environmental nutrient concentration

mmol m-3

-

-

I

Light intensity

mmol photons m-2 s-1

-

-

P

Population abundance of phytoplankton

cells m-3

-

-

U

Nutrients sequestered by phytoplankton

mmol m-3

-

-

Q

Cellular nutrient content of phytoplankton

mmol cell-1

-

-

Z

Population abundance of zooplankton

ind m-3

-

-

Environmental parameters
z max

Depth at bottom of water column

m

300

[98]

NS

Nutrient concentration supplied from below

mmol m-3

10 - 200

[291]

the water column
p

Sediment-water column permeability

m-1

2

-

I in

Incident light intensity

mmol photons m-2 s-1

600

[98]

K bg

Background turbidity

m-1

0.045 - 0.7

[98, 258]

D

Vertical turbulent diffusivity

cm2 s-1

0.12 - 0.50

[98, 292]

[23]

Phytoplankton parameters
VP

Cell biovolume of phytoplankton

mm3 cell-1

100

kP

Light absorption coefficient of phytoplankton

m2 cell-1

6x10-10

[98]

wP

Nutrient recycling coefficient of

-

0.5

[98]

uP

Sinking velocity of phytoplankton

m h-1

0 - 0.07

[293, 294]

mmax

Maximum specific growth rate of

h-1

0.08

[199, 295]

phytoplankton

phytoplankton
mP

Specific mortality rate of phytoplankton

h-1

0.004

[167]

KN

Nutrient half-saturation constant of

mmol m-3

0.025

[98]

KI

Light half-saturation constant of

mmol photons m-2 s-1

20

[98]

mmol cell-1 d-1

1x10-10

[166]

phytoplankton

phytoplankton
f max

Maximum nutrient uptake rate of
phytoplankton
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Table 5.1: Model variables and parameter values (continued).
Symbol Definition

Unit

Value

Source

Q min

Minimum cellular nutrient content of

mmol cell-1

4x10-11

[49]a

Q max

Maximum cellular nutrient content of

mmol cell-1

18x10-11

[49]a

phytoplankton

phytoplankton
Zooplankton parameters
VZ

Individual biovolume of zooplankton

mm3 ind-1

3.25x107

[296]

wZ

Nutrient recycling coefficient of zooplankton

-

0.5

-

DZ

Zooplankton motility

cm2 s-1

0.6

[297]

h

Handling time per prey item of zooplankton

ind d cell-1

3.6x10-7

[114, 117]b

ind-1

d-1

a

Search rate of zooplankton

L

q

Individual nutrient content of zooplankton

mmol ind-1

mZ
S
a

0.175

[165]

2x10-5

[51, 52]c

Specific mortality rate of zooplankton

h-1

0.004

[115]

Selectivity of zooplankton

mm3 mmol-1

0 - 1.2x1012

-

The minimum and maximum nutrient content of phytoplankton were calculated using the allometric scaling
proposed by Irwin et al. [49] in their Table 1, assuming that Chlorella has a cell volume of 100 µm3 .

b

We assume that the cell volume of Chlorella is 20 times smaller than that of Rhodomonas baltica studied by
Kiørboe et al. [114], and that the handling time is primarily determined by the passage time through the gut
of Acartia (i.e., handling time per prey item is inversely proportional to the number of prey that fit in the gut;
[47], p. 105).

c

The individual nutrient content of zooplankton is based on the range of nitrogen percentages of total dry weight
(%N = 8–12) measured for various zooplankton genera by Andersen and Hessen [51]. We assume that the dry
weight of zooplankton is 2.76 mg ind-1 , as measured for Acartia by Walve and Larsson [52].

Results
We use the model to examine how the depth and stability of the DCM are expected to
change along environmental gradients of background turbidity, nutrient availability and
vertical mixing, first in the absence and subsequently in the presence of zooplankton. In
the presence of zooplankton, we also investigate how the depth and stability of the DCM
depend on grazing selectivity. These parameters vary widely across aquatic environments,
and we therefore display the results for a plausible range of parameter values.
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DCM depth and stability along environmental gradients
We begin our model analysis with a simple scenario, in which zooplankton are absent from
the water column. Figure 5.1 shows the equilibrium vertical distribution of phytoplankton,
for clear waters typical of the oligotrophic ocean. A DCM forms at a depth of ∼100
meters, where growth conditions for phytoplankton are most favorable. Light intensity
decreases exponentially with depth, and is reduced to less than 1% of the incident light
intensity at the depth of the DCM. The nutrient is depleted above the DCM, and nutrient
concentration increases linearly with depth below the DCM. The cellular nutrient content
of phytoplankton is close to its minimum value (Q min ) in the surface layer above the DCM,
increases within the DCM layer, and approaches its maximum value (Q max ) below the
DCM, illustrating the shift from nutrient-limited growth of phytoplankton cells above the
DCM to light-limited growth below the DCM (fig. 5.1).
As a next step, we investigate how background turbidity aﬀects the vertical distribution and population dynamics of phytoplankton (fig. 5.2). When background turbidity is
high, the euphotic zone extends only a few meters into the water column, and a shallow
DCM develops at ∼10 m depth (fig. 5.2A). The nutrient diﬀuses upward to the DCM, and
is depleted in the shallow surface layer above the DCM (fig. 5.2B ). When background turbidity is intermediate, the euphotic zone extends to ∼50 m depth and favors the formation
of a DCM at 50-70 m depth (fig. 5.2C ). The DCM oscillates over time with a periodicity
of ∼200 days. Nutrient concentration is very low above the DCM, and increases below
the DCM due to nutrient replenishment from deeper water layers or the sediment (fig.
5.2D). When background turbidity is low, light penetrates deeper into the water column
and a DCM forms at ∼110 m depth (fig. 5.2E ). The DCM oscillates over time with double
periodicity, such that phytoplankton reach high peaks of population abundance. The water column is again nutrient-depleted above the DCM, whereas the nutrient concentration
increases with depth below the DCM (fig. 5.2F ).
To better understand the impact of environmental conditions on the depth and stability of the DCM, we show bifurcation plots along gradients of background turbidity, nutrient
availability and vertical turbulent diﬀusivity (fig. 5.3). Specifically, we investigate the impact of environmental gradients on the nutrient inventory (i.e., the nutrient concentration
integrated over the depth of the water column) and depth-integrated phytoplankton abundance, and on the average depth and width of the DCM (i.e., the depth with maximum
phytoplankton abundance, and the depth range for which the abundance of phytoplankton
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Figure 5.1: Equilibrium vertical distribution of phytoplankton, light and nutrient in the absence of zooplankton. This graph assumes low background turbidity (K bg = 0.045 m-1 ), low nutrient concentration
supplied from below the water column (N S = 10 mmol m-3 ), moderate vertical turbulent diﬀusivity (D =
0.2 cm2 s-1 ), and sinking phytoplankton (nP = 0.07 m h-1 ). Other model parameters as in table 5.1.
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Figure 5.2: Population dynamics of phytoplankton in the absence of zooplankton. The graphs compare
three scenarios, with (A, B ) high, (C, D) intermediate and (E, F ) low background turbidity in the water
column. A, C, E, Population dynamics of phytoplankton. B, D, F, Dynamics of dissolved nutrient concentration. Parameter values are the same as in fig. 5.1, but with a vertical turbulent diﬀusivity of D = 0.12
cm2 s-1 and a background turbidity of K bg = 0.7 m-1 in (A, B ), K bg = 0.1 m-1 in (C, D) and K bg = 0.045
m-1 in (E, F ).
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exceeds 40% of its maximum abundance, respectively). Below we explain our model predictions for each environmental gradient, assuming that phytoplankton are either neutrally
buoyant or sinking.
Background turbidity When phytoplankton are neutrally buoyant and background
turbidity is low, a narrow DCM forms at ∼20 m depth (fig. 5.3A). Increasing background
turbidity does not have a major impact on the depth-integrated phytoplankton abundance
or nutrient inventory. The DCM becomes increasingly shallow, however, leading to the formation of a phytoplankton bloom close to the surface if background turbidity is suﬃciently
high.
When phytoplankton are sinking, increasing background turbidity has a qualitatively
similar impact as when phytoplankton are neutrally buoyant (compare fig. 5.3A, 5.3B ).
However, sinking phytoplankton form a much deeper and slightly wider DCM than neutrally buoyant phytoplankton, and may display DCM oscillations at low or intermediate
background turbidity (fig. 5.3B ).
Nutrient availability When phytoplankton are neutrally buoyant, an increasing nutrient supply from below (i.e., from the sediment or deeper water layers) drives an increase in
both nutrient inventory and phytoplankton abundance in the water column (fig. 5.3C ). A
higher phytoplankton abundance absorbs more light, resulting in a steeper light gradient
and, hence, a shallower euphotic depth. As a consequence, the DCM becomes increasingly
shallow, leading to the formation of a surface bloom if nutrient availability is suﬃciently
high. Interestingly, further nutrient enrichment shifts phytoplankton growth from nutrient to light limitation across the entire depth of the water column, and therefore depthintegrated phytoplankton abundance levels oﬀ at suﬃciently high nutrient availability.
For sinking phytoplankton, a deeper and wider DCM also shallows with increasing
nutrient availability (fig. 5.3D). Contrary to neutrally buoyant phytoplankton, however,
the DCM of sinking phytoplankton displays oscillations at very low nutrient availability and
does not reach the surface even at a high nutrient supply (compare fig. 5.3C, 5.3D). Furthermore, depth-integrated phytoplankton abundance increases more with nutrient availability,
and levels oﬀ at higher nutrient availability for sinking phytoplankton than for neutrally
buoyant phytoplankton (fig. 5.3D).
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Figure 5.3 (previous page): Changes in the amounts of dissolved nutrient and phytoplankton and
the average depth of the deep chlorophyll maximum (DCM) along major environmental gradients. The
bifurcation plots show equilibrium predictions in the absence of zooplankton, for (A, C, E ) neutrally buoyant
phytoplankton (nP = 0 m h-1 ) and (B, D, F ) sinking phytoplankton (nP = 0.07 m h-1 ), along environmental
gradients of (A, B ) background turbidity, (C, D) nutrient supply, and (E, F ) vertical turbulent diﬀusivity.
Solid symbols denote stable equilibria, and open symbols represent the minima and maxima of limit cycles.
Shaded areas in dark green indicate the equilibrium width of the DCM. The amounts of dissolved nutrient
and phytoplankton are integrated over the depth of the water column. Parameter values are the same as
in fig. 5.2, but with a background turbidity of Kbg = 0.045 m-1 .

Vertical turbulent diffusivity When phytoplankton are neutrally buoyant, a narrow
DCM forms at low vertical turbulent diﬀusivity (fig. 5.3E ). Increasing vertical turbulent
diﬀusivity speeds up the upward mixing of nutrient, driving an increase in depth-integrated
phytoplankton abundance with only minor changes in the total nutrient inventory. The
DCM becomes increasingly shallow, leading to the formation of a surface phytoplankton
bloom.
The DCM of sinking phytoplankton also shifts to shallower depths with increasing
vertical turbulent diﬀusivity, but does not reach the surface (fig. 5.3F ). Furthermore,
the DCM of sinking phytoplankton displays oscillations in a poorly mixed water column
whereas the DCM stabilizes at higher turbulent diﬀusivity. Depth-integrated phytoplankton
abundance is slightly lower for sinking than for neutrally buoyant phytoplankton (compare
fig. 5.3E, 5.3F ).

DCM depth and stability in the presence of zooplankton
We now let zooplankton grow in the water column, and perform a similar model analysis. That is, we first examine the equilibrium vertical distribution of phytoplankton and
zooplankton (fig. 5.4), and subsequently investigate how zooplankton aﬀect the depth and
stability of the DCM along environmental gradients of background turbidity, nutrient availability and vertical turbulent diﬀusivity (fig. 5.5). For conciseness, we restrict our analysis
to sinking phytoplankton only.
In a clear oligotrophic water column, light attenuation is very low, which favors the
formation of a DCM at the bottom of the euphotic zone at ∼100 m depth (fig. 5.4).
Similar to our scenario without zooplankton, the nutrient is depleted in the surface layer
above the DCM, and nutrient concentration increases linearly with depth below the DCM.
The cellular nutrient content of phytoplankton is low above the DCM, increases within the
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DCM layer, and is high below the DCM. The DCM provides a food supply for zooplankton,
which establish a deep zooplankton maximum (DZM) at a similar depth range as that
of the DCM. We note that the peak of the DZM is slightly deeper than the DCM peak.
Zooplankton maximize their specific growth rate by balancing assimilation eﬃciency and
grazing rate (see first term in equation (5.12)), and thereby exert highest grazing pressure
on the more nutritious phytoplankton in the lower part of the DCM.
Background turbidity The bifurcation plots in figure 5.5 illustrate the impact of zooplankton on the depth and stability of the DCM and DZM, as function of diﬀerent environmental parameters. The results show that an increase in background turbidity has only
minor eﬀect on the total nutrient inventory and depth-integrated phytoplankton abundance
in oligotrophic waters, and drives a decrease in depth-integrated zooplankton abundance
(fig. 5.5A). An increasing background turbidity reduces the euphotic depth, and thereby
produces a much shallower DCM and DZM in turbid waters (fig. 5.5B ). The zooplankton
population goes extinct when the water column becomes too turbid.
Nutrient availability Starting from oligotrophic waters (as in fig. 5.4), an increasing
nutrient supply drives an increase of the nutrient inventory, depth-integrated phytoplankton
abundance, and depth-integrated zooplankton abundance (fig. 5.5C ). Depth-integrated
phytoplankton and zooplankton abundances both level oﬀ when nutrient supply is increased
further. The DCM and DZM become shallower and wider as the nutrient supply increases,
and also level oﬀ at intermediate nutrient supply (fig. 5.5D).
Vertical turbulent diffusivity Low vertical turbulent diﬀusivity in clear oligotrophic
waters results in a deep DCM with low phytoplankton abundance and a deep DZM with
low zooplankton abundance (fig. 5.5E ; see also fig. 5.4). Increasing vertical turbulent
diﬀusivity has little eﬀect on the total nutrient inventory, but brings nutrients higher up
into the sunlit water column. As a consequence, increasing turbulent diﬀusivity enhances
the depth-integrated phytoplankton and zooplankton abundances (fig. 5.5E ), and leads to
a shallower DCM and DZM (fig. 5.5F ).
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Figure 5.4: Equilibrium vertical distribution of phytoplankton, light, nutrient and zooplankton. Parameter
values are the same as in fig. 5.1, but with a vertical turbulent diﬀusivity of D = 0.12 cm2 s-1 . Zooplankton
are mildly selective (S = 0.5×1012 mm3 mmol-1 ).
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Figure 5.5 (previous page): Changes in the amounts of dissolved nutrient, phytoplankton and zooplankton and the depths of the deep chlorophyll maximum (DCM) and deep zooplankton maximum (DZM)
along major environmental gradients. The bifurcation plots show equilibrium predictions in the presence
of zooplankton, along environmental gradients of (A, B ) background turbidity, (C, D) nutrient supply, and
(E, F ) vertical turbulent diﬀusivity. Shaded areas in dark green and red indicate the equilibrium widths of
DCM and DZM, respectively. The amounts of dissolved nutrient, phytoplankton and zooplankton are integrated over the depth of the water column. Parameter values are the same as in figure 5.3, but with sinking
phytoplankton only (nP = 0.07 m h-1 ). Zooplankton are mildly selective (S = 0.5×1012 mm3 mmol-1 ).

Variation in grazing selectivity
In addition, we examine how the depth and stability of the DCM depends on grazing
selectivity by zooplankton (fig. 5.6), again assuming clear waters representative of the oligotrophic open ocean. When zooplankton are nonselective, grazing pressure is high because
zooplankton have a high probability of consuming the encountered phytoplankton prey (i.e.,
a(Q) = 1; see equation (5.10)). Increasing the selectivity of zooplankton for phytoplankton
prey of high nutritional quality reduces the overall grazing pressure, driving an increase in
depth-integrated phytoplankton abundance and a decrease in depth-integrated zooplankton abundance (fig. 5.6A). The zooplankton population goes extinct when they become too
selective, which destabilizes the phytoplankton dynamics. Grazing selectivity has minor
impact on the depth of the DCM and DZM (fig. 5.6B ).
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Figure 5.6: Eﬀects of grazing selectivity on the depth and stability of the DCM. A, Changes in the amounts
of dissolved nutrient, phytoplankton and zooplankton. B, Changes in the depths of the deep chlorophyll
maximum (DCM) and deep zooplankton maximum (DZM). Solid symbols denote stable equilibria, and open
symbols represent the minima and maxima of limit cycles. Shaded areas in dark green and red indicate the
equilibrium widths of DCM and DZM, respectively. The amounts of dissolved nutrient, phytoplankton and
zooplankton are integrated over the depth of the water column. Parameter values are the same as in figure
5.5.
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Discussion

What determines the depth of DCMs?
In our model, a DCM tends to occur at the transition from nutrient limitation in the
surface layer to light limitation in deeper water layers, where the combined availability
of both light and nutrients provide optimal conditions for phytoplankton growth (see fig.
5.1). This model prediction is in good agreement with other DCM models, which indicate
that a DCM forms at depths where phytoplankton growth is co-limited by nutrients and
light [267, 272]. Background turbidity and nutrient supply aﬀect the availability of light
and nutrient in the water column, respectively, and therefore have a major impact on DCM
depth (see fig. 5.3). Thus, our model predicts that the DCM is deepest in clear oligotrophic
waters, which is consistent with the widespread occurrence of DCMs at 80-120 m depth in
subtropical ocean gyres (e.g., [98, 263]).
Background turbidity reduces light penetration into the water column, such that conditions for phytoplankton growth in turbid waters are more favorable closer to the surface.
As a result, the DCM is predicted to become shallower with increasing background turbidity, and may thereby yield a phytoplankton bloom close to the surface of turbid waters
(see fig. 5.3A, 5.3B ). Field data show that background turbidity indeed plays an important
role in the formation and depth of DCMs [253, 258, 266, 273]. For example, Leach et al.
[258] analyzed a dataset comprising profiles of chlorophyll fluorescence, temperature and
light from 100 lakes, and investigated which factors significantly contribute to the depth
of a DCM. They found that the depth of a DCM is best predicted by two factors related
to background turbidity: the euphotic depth and the concentration of dissolved organic
carbon (DOC). Specifically, DOC includes light-absorbing chromophoric compounds (e.g.,
humic acids), which contribute to light attenuation [287, 298, 299]. Hence, in line with our
model predictions, clear lakes with low DOC concentrations produce a deeper DCM than
turbid lakes with high DOC concentrations [258].
Nutrient supply determines the availability of nutrient in the water column, and
thereby strongly aﬀects both phytoplankton growth and DCM depth (see fig. 5.3C, 5.3D).
Our model predicts that nutrient enrichment may drive the formation of a shallow DCM or
surface bloom, which reduces light penetration and thereby prevents phytoplankton growth
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in deeper parts of the water column. Conversely, nutrient removal may suppress phytoplankton growth, which enhances light penetration and thus enables the formation of a
deeper DCM. The eﬀect of nutrient supply on DCM depth might be particularly relevant in
the context of lake eutrophication and subsequent re-oligotrophication. For example, many
eutrophic lakes are dominated by surface blooms of buoyant and sometimes toxic cyanobacteria such as Microcystis, Aphanizomenon and Dolichospermum spp. (e.g., [250]). However,
another cyanobacterial species, Planktothrix rubescens, can form DCMs at the bottom of
the euphotic zone. The formation of DCMs with P. rubescens following progressive nutrient
removal has been described for several large and deep lakes, such as Lake Constance [300],
Lake Geneva [301], Lake Zürich [302], Lake Baldegg [303] and Lake Bourget [304]. The
reduction of nutrient inputs caused a decrease in primary productivity in the top layer, and
thereby enabled increased light penetration to deeper parts of these lakes.

What determines the stability of DCMs?
Our model predicts that DCMs of neutrally buoyant phytoplankton are stable, whereas
DCMs of sinking phytoplankton can oscillate over time in clear oligotrophic waters with
low turbulent mixing (see fig. 5.3). Hence, our results are consistent with the “advectiondiﬀusion instability” described by Huisman et al. [98], where the relatively fast downward
flux of sinking phytoplankton but slow upward diﬀusion of nutrients produce DCM oscillations. Specifically, phytoplankton take up nutrients and sink to depths with reduced light
intensity, exporting the acquired nutrients from the surface layer into the deep. This process
leads to a decline of the phytoplankton abundance in the surface layer, and the dwindling
phytoplankton population takes up less nutrients. When the phytoplankton population has
vanished into the deep, dissolved nutrients can slowly diﬀuse back upward to depths where
light conditions are favorable for growth, and thus feed the next peak in phytoplankton
abundance. Although our results confirm that the combination of sinking phytoplankton
and low vertical turbulent diﬀusivity contributes to the destabilization of DCMs (fig. 5.3F ),
the DCM oscillations disappear in waters with a high background turbidity (fig. 5.3B ) and
nutrient supply (fig. 5.3D). Hence, increasing background turbidity and nutrient supply
lead to shallower and more stable DCMs.
In the DCMs of subtropical ocean gyres, the ubiquitous picocyanobacteria Prochlorococcus and Synechococcus have small cells and very low sinking velocities. These picocyanobacteria would be typical representatives of neutrally buoyant phytoplankton that
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are predicted to develop stable DCM populations. Conversely, diatoms tend to make much
larger cells and often have relatively high sinking velocities, although cell size and density
strongly vary across species. Large and heavy diatoms would be typical representatives of
sinking phytoplankton, which are predicted to develop DCM oscillations characterized by
short-lived blooms that subsequently sink into the deep. Indeed, diatoms are also common
in DCMs, and are known for their episodic sinking fluxes exporting large quantities of organic carbon from the surface layer into the deep sea [305, 306]. With the theory at hand,
it would be of great interest to investigate the stability of phytoplankton populations in
DCMs in further detail, especially given their role in global carbon sequestration.
Comparison of our model predictions in the absence versus presence of zooplankton
reveals that the DCM tends to be more stable in the presence than in the absence of zooplankton (compare figs. 5.3 and 5.5). Our model assumes that zooplankton graze upon their
phytoplankton prey with a type II functional response (see equation (5.8)). Although a type
II functional response often destabilizes predator-prey interactions [15, 61, 142], grazing in
our model has a surprisingly stabilizing eﬀect on the DCM even at high nutrient supply
(see fig. 5.5C ). That is, our model does not predict a “paradox of enrichment,” in which
nutrient enrichment destabilizes the population dynamics and induces large predator-prey
oscillations [62, 133, 279, 289]. We note, however, that a variant of our model assuming a
well-mixed water column does predict a paradox of enrichment, with nutrient enrichment
producing large-amplitude phytoplankton-zooplankton oscillations already at a fairly low
nutrient supply (see Appendix G). Hence, the stabilizing eﬀect of zooplankton on the DCM
seems to be associated with the low turbulent mixing and resultant vertical structure predicted by our model. A likely mechanism for the stabilizing eﬀect of zooplankton in our
DCM model is that less nutrients are exported into the deep when part of the sinking phytoplankton population is grazed and their nutrients are recycled within the euphotic zone.
Hence, the “advection-diﬀusion instability” described above becomes less eﬀective.
Our results indicate that the extent to which zooplankton can stabilize the DCM
depends on their contribution to nutrient recycling within the euphotic zone. Generalist
grazers are predicted to suppress oscillations of the DCM in our model (see fig. 5.6),
because their grazing activity implies that a large fraction of the nutrients is not exported
but recycled within (the lower part of) the euphotic zone. Conversely, invasion by less edible
phytoplankton populations, which escape from grazing by selective zooplankton taxa, may
increase phytoplankton-mediated export of nutrients from the euphotic zone and thereby
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destabilizes the DCM. It is known that the production of fecal pellets by zooplankton, which
tend to sink much faster than phytoplankton cells, may also contribute to rapid export of
nutrients into the deep [307–309]. Although we did not investigate the potential role of
fecal pellets in our model, we therefore hypothesize that nutrient export by fecal pellets
may also diminish or even reverse the stabilizing eﬀect of zooplankton on the DCM.

Wider implications
Our model analysis highlights several factors that determine the depth and stability of
DCMs, and has wider implications beyond the scope of this study. In particular, DCMs
are a common feature in subtropical ocean gyres [310–312], which constitute the largest
biomes on Earth [313, 314]. Subtropical ocean gyres are undergoing substantial change
due to global warming, which is contributing to their stronger stratification, weaker vertical turbulent mixing and more pronounced oligotrophication [98, 314–316]. Our model
predicts that such changes in the water column will produce deeper DCMs and DZMs with
lower phytoplankton and zooplankton abundances, respectively, and cause the population
abundance of sinking phytoplankton species (e.g., diatoms) to oscillate over time. These
changes are therefore expected to have significant consequences for carbon sequestration in
subtropical ocean gyres.
Like all models, our model is a major simplification of reality. For example, the model
considers only one phytoplankton species grazed by one zooplankton species, and therefore does not capture the high biodiversity of real aquatic ecosystems [108, 207, 317, 318].
In addition, our model assumes that nutrients are supplied from deep layers of the water
column or from the sediment, and does not account for other important nutrient sources
such as atmospheric deposition and nitrogen fixation [319–321]. Furthermore, our model assumes that the depth distribution of zooplankton is determined by food availability, whereas
predator avoidance is also known to play a key role in the vertical migration of zooplankton [209, 264, 322]. Yet, despite these simplifying assumptions, an important conceptual
advance of our model is the investigation of phytoplankton-zooplankton interactions at
the spatio-temporal resolution of the DCM. Alternatively, ocean biogeochemical models
constitute a more comprehensive framework accommodating several nutrient inputs and
plankton functional groups [323–325], but often lack the high vertical resolution and level
of biological detail of our model in terms of variable nutrient stoichiometry and selective
grazing by zooplankton. The implementation of more detailed biological assumptions in
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biogeochemical models may help to bridge this gap, and yield more accurate predictions of
the depth and stability of DCMs across large geographical scales. Such improvements of
large-scale biogeochemical models will potentially advance our knowledge of primary production, carbon export, nutrient cycling and other key ecosystem processes in which DCMs
play a role.
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Appendix G: Paradox of enrichment in a well-mixed water column

Our model predicts that grazing by zooplankton has a stabilizing eﬀect on the DCM even
at high nutrient supply (see fig. 5.5C ), and therefore does not produce the large-amplitude
phytoplankton-zooplankton oscillations predicted by the classical “paradox of enrichment.”
To understand whether this stabilizing eﬀect of zooplankton on the DCM is due to the
spatial structure of our model, we analyze a variant of our model that assumes a well-mixed
water column with homogeneous distributions of nutrient, phytoplankton and zooplankton.
In the well-mixed variant of our model, the population dynamics of phytoplankton
is governed by their specific growth rate, specific mortality rate, and the grazing rate by
zooplankton:
dP
= (µP (Q, Iout ) − mP ) P − g (P, Q) Z.
dt

(G.1)

Furthermore, the cellular nutrient content of phytoplankton increases with nutrient uptake
and decreases with the spread of consumed nutrient through phytoplankton growth:
dQ
= f (N, Q) − µP (Q, Iout ) Q,
dt

(G.2)

where the specific nutrient uptake rate f (N,Q) is given by equation (5.5).
In these equations, the specific growth rate of phytoplankton µ P (Q,I out ) depends on
their cellular nutrient content and their depth-averaged photosynthetic rate according to
the Law of the Minimum [50]:
◆◆
✓
✓
Qmin
1
Iin + KI
.
µP (Q, Iout ) = µmax min 1 −
;
ln
Q ln (Iin /Iout )
Iout + KI

(G.3)

The depth-averaged photosynthetic rate is obtained by integrating the local photosynthetic
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rate (i.e., I (z )/(K I +I (z ))) over depth. It accounts for vertical mixing of the phytoplankton
over the water column, from the light intensity I in at the water surface to the light intensity
I out at the bottom of the water column [326].
Light intensity at the bottom of the water column is attenuated due to background
turbidity and light absorption by phytoplankton, following Lambert-Beer’s law:
Iout = Iin e(−Kbg zmax −kP P zmax ) .

(G.4)

The grazing rate by zooplankton, g(P,Q), is formulated in the same way as in the
DCM model (see equations (5.8)-(5.10) in the main text). The zooplankton population
grows by grazing and assimilating phytoplankton prey, and incurs losses due to mortality:
dZ
= (e (Q) g (P, Q) − mZ ) Z,
dt

(G.5)

where the assimilation eﬃciency e(Q) is given by equation (5.11).
In the well-mixed model, the nutrient enters and leaves the water column at a turnover
rate, d, and is consumed by phytoplankton and recycled by the mineralization of dead
phytoplankton and zooplankton. Changes in nutrient concentration may then be described
as follows:
dN
= δ (NS − N ) − f (N, Q) P + ωP mP P Q + ωZ mZ Zq,
dt

(G.6)

where wP and wZ are the nutrient recycling coeﬃcients of dead phytoplankton and zooplankton. Here, we assume that the nutrient recycling coeﬃcients are given by:
ωj =

mj − δ
,
mj

for j = P, Z.

(G.7)

That is, part of the nutrient contained in dead phytoplankton and zooplankton is lost
by turnover of the system, and the remaining dead phytoplankton and zooplankton are
recycled by mineralization.
To ensure that the nutrient influx in the well-mixed model is the same as the nutrient
influx in the DCM model, we set the value of the nutrient turnover rate in the well-mixed
model equal to the nutrient influx rate across the sediment-water interface in the DCM
model (see equation (5.15b)):
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δ=

Dp
,
zmax

(G.8)

where D is the value of the vertical turbulent diﬀusivity used in the DCM model, p is the
permeability of the sediment-water interface, and z max accounts for the distribution of the
nutrient influx over the depth of the water column.
We note that our model formulation results in a long-term mass balance of the nutrient. Specifically, the total nutrient concentration in the water column, T, consists of the
freely available nutrient concentration, N, and the nutrient contained in phytoplankton and
zooplankton:
T = N + QP + qZ.

(G.9)

Diﬀerentiation of this equation with respect to time, and subsequent insertion of equations
(G.1), (G.2) and (G.5)-(G.7) shows that the dynamics of the total nutrient concentration
is given by:
dT
= δ (NS − T ) .
dt

(G.10)

These dynamics converge to a stable equilibrium, at which T = N S . Hence, on the long
run, the total nutrient concentration in the water column converges to the nutrient supply
concentration.
Similar to the DCM model (fig. 5.5C and 5.5D), we use the nutrient supply concentration, N S , as bifurcation parameter in our analysis of the well-mixed variant of the model.
Contrary to the DCM model, the well-mixed model does predict a paradox of enrichment
(fig. G.1). Specifically, the population dynamics reach a stable equilibrium at a very low
nutrient supply (fig. G.1A), whereas large phytoplankton-zooplankton oscillations occur at
a higher nutrient supply (fig. G.1B ). These results are readily confirmed by a bifurcation
diagram along a gradient of nutrient enrichment, which shows that the bifurcation occurs
already at a fairly low nutrient supply (fig. G.1C ). Hence, the stabilizing eﬀect of zooplankton on the DCM seems to be associated with the low turbulent mixing and the resulting
vertical distributions of phytoplankton, zooplankton and nutrients predicted by the DCM
model.
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Figure G.1: Paradox of enrichment in a well-mixed water column. A, B, Dynamics of dissolved nutrient,
phytoplankton and zooplankton with (A) very low nutrient supply (N S = 0.1 mmol m-3 ) and (B ) higher
nutrient supply (N S = 2 mmol m-3 ). C, Changes in the amounts of dissolved nutrient, phytoplankton
and zooplankton along a gradient of nutrient enrichment. Solid symbols denote stable equilibria, and open
symbols represent the minima and maxima of limit cycles. The amounts of dissolved nutrient, phytoplankton
and zooplankton are integrated over the depth of the water column. Parameter values are the same as in
fig. 5.5, but with a water column depth of z max = 40 m and a corresponding turnover rate of d = 0.052
d-1 .
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The models analyzed in this thesis demonstrate the important role of ecological stoichiometry in the eco-evolutionary dynamics of plankton communities. In addition, stoichiometric
model assumptions of nutrient-limited phytoplankton growth and selective grazing by zooplankton shed new light on mechanisms driving phytoplankton-zooplankton interactions.
Despite the insights gained from these models, a few relevant questions remain to be addressed. In this chapter, I provide an overview of the main results, discuss the major model
assumptions and predictions, and elaborate on the prospects for empirical testing of these
models.

Overview of main results
In this thesis, four models based on ecological stoichiometry have been analyzed to gain
insight into the eco-evolutionary dynamics of plankton communities. All models share two
common assumptions, namely nutrient-limited phytoplankton growth and selective grazing
by zooplankton based on the nutritional quality of phytoplankton. The model assumption
of selective grazing is particularly insightful, yielding a competition-predation trade-oﬀ in
phytoplankton that shapes phytoplankton-zooplankton interactions.
The model analyzed in chapter 2 assumes that phytoplankton growth is limited by
a single nutrient (e.g., phosphorus), and predicts that increasing zooplankton selectivity
for nutritious prey drives an evolutionary reduction of the nutrient uptake rate in phytoplankton. The results show that selective grazing stabilizes the phytoplankton-zooplankton
interaction, and allows coexistence of nutrient exploiters and grazing avoiders. Nutrient exploiters have high nutrient uptake rates, but can be suppressed by selective grazing due to
their high nutritional quality. Conversely, grazing avoiders have lower nutrient uptake rates,
but are also less susceptible to grazing because of their low nutritional quality. Several of
these predictions have already been made by earlier ecological models. In particular, classic
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ecological models predict that selective grazing (1) favors an evolutionary reduction of nutrient uptake in primary producers [126]; (2) tends to stabilize plant-herbivore interactions
[142, 327–330]; and (3) establishes a competition-predation trade-oﬀ in primary producers
that enables coexistence of diverse phenotypes [15, 90–94]. To my knowledge, however, this
is the first time that these diﬀerent predictions have coalesced into a single coherent theory
based on ecological stoichiometry.
Chapter 3 extends the approach of chapter 2 to two limiting nutrients. Specifically,
the model analyzed in chapter 3 assumes that both nitrogen and phosphorus may limit
primary production, and predicts that selective grazing favors an evolutionary reduction of
the nitrogen or phosphorus uptake rate of phytoplankton, depending on the nutritional requirements of zooplankton. For example, selective grazing by nitrogen-demanding copepods
is predicted to favor an evolutionary reduction in the nitrogen uptake rate of phytoplankton, whereas selective grazing by phosphorus-demanding cladocerans favors an evolutionary
reduction in the phosphorus uptake rate. As a result, the cellular N:P ratio of phytoplankton is predicted to depend not only on environmental nitrogen and phosphorus availability
but also on the grazing selectivity and nutritional requirements of zooplankton, and may
substantially deviate from their optimum cellular N:P ratio in the absence of zooplankton.
The model analyzed in chapter 4 takes a step further by linking the grazing selectivity
of zooplankton to both nutritional quality and cell size of their phytoplankton prey. In
this model, the cell size of phytoplankton determines their nutrient uptake rate and, hence,
their nutritional quality by known allometric relationships, such that larger phytoplankton
cells have lower nutrient uptake rate per unit biovolume and lower nutritional quality.
That is, the model assumes a competition-predation trade-oﬀ based on phytoplankton cell
size, where small phytoplankton cells have higher competitive ability at the cost of higher
susceptibility to grazing by selective zooplankton. In line with expectation, the model
predicts evolution of small phytoplankton cells of high nutritional quality in the presence
of nonselective zooplankton, and large phytoplankton cells of low nutritional quality in the
presence of selective zooplankton. Hence, these model results oﬀer a novel explanation for
the evolution of large phytoplankton cells, based on size-dependent changes in ecological
stoichiometry.
Unlike the other models presented in this thesis, the model analyzed in chapter 5
does not account for the evolution of nutrient uptake in phytoplankton. Instead, this
model investigates how selective grazing by zooplankton aﬀects the formation of a deep
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chlorophyll maximum (DCM). Specifically, the model predicts that grazing by zooplankton
tends to enhance nutrient recycling within the euphotic zone, and thus stabilizes the DCM
by suppressing nutrient export through episodic fluxes of sinking phytoplankton. Increasing
grazing selectivity alleviates the grazing pressure on less nutritious phytoplankton prey,
however, so that they may escape from grazing and thereby reduce the stability of the
DCM. Such destabilization of the DCM has potential implications for major ecosystem
processes, including primary production, carbon export and nutrient cycling.
Overall, these findings reveal that selective grazing based on the nutritional quality of
phytoplankton can have a substantial impact on various aspects of plankton communities,
including their dynamical stability and scope for species coexistence (chapters 2 and 5),
stoichiometric composition (chapter 3), size structure (chapter 4), and vertical distribution
in the water column (chapter 5).

Major model assumptions
Throughout this thesis, several model assumptions are made that critically influence model
predictions, and therefore merit further discussion. Specifically, all the models analyzed in
this thesis assume some form of selective grazing based on the nutritional quality of prey.
The capability of zooplankton to detect nutritious prey has been reported in several studies
[31, 32, 43–48, 331]. For example, Meunier et al. [32] investigated the grazing selectivity of
the copepod Acartia tonsa based on the N:P ratio of its phytoplankton prey Rhodomonas
salina. They observed that grazing selectivity depends on the developmental stage and
elemental composition of copepods. Young copepod individuals with relatively low body
N:P ratio preferred phosphorus-rich prey, whereas older copepod individuals with higher
body N:P ratio preferred nitrogen-rich prey. Similarly, Schatz and McCauley [31] observed
that the phosphorus-demanding cladoceran Daphnia pulex is able to detect the C:P ratio
of its phytoplankton prey Chlamydomonas reinhardtii, and grazes preferentially on more
nutritious prey with low C:P ratio.
Although some zooplankton species can indeed feed selectively on more nutritious
phytoplankton prey, grazing selectivity based on nutritional quality remains an intriguing
phenomenon compared to other types of selective grazing (e.g., grazing selectivity based on
the size and morphology of phytoplankton cells). Specifically, how do zooplankton sense the
C:N:P stoichiometry of their phytoplankton prey? There is evidence that some zooplankton
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can detect the nutritional quality of their prey from either the leakage of molecules such
as amino acids (e.g., [45, 332]), or the biochemistry of the cell surface [48, 333]. Yet, it is
not known whether such chemosensory mechanisms are widespread. Are many zooplankton
taxa able to discriminate between prey of diﬀerent nutritional quality, or has this type of
grazing selectivity evolved only in some advanced zooplankton groups? Grazing selectivity
for nutritious phytoplankton prey has been observed not only in metazoan zooplankton such
as cladocerans and copepods (e.g., [31, 32, 43]), but also in protozoans such as heterotrophic
dinoflagellates and ciliates (e.g., [333–336]). However, further experimental tests of grazing
selectivity in zooplankton are warranted, in order to advance our understanding of how
these diverse zooplankton taxa detect the nutritional quality of their phytoplankton prey.
Furthermore, the grazing selectivity of zooplankton based on the nutritional quality
of phytoplankton prey needs better quantification. The preference of zooplankton for more
(or less) nutritious phytoplankton prey can be quantified by measuring their selectivity
index [337], which is typically calculated from the grazing rate on a pair of prey types
with contrasting nutritional quality (e.g., [32, 44, 338]). Instead of a pairwise comparison,
one could also grow several phytoplankton prey types diﬀering in their nutritional quality,
expose these diﬀerent prey types to a selective zooplankton species (e.g., a copepod), and
measure the grazing rate on each phytoplankton prey type. The goal of such an experiment would be to obtain curves similar to those of figure 1.4 in the Introduction of this
thesis, where the probability of consumption of phytoplankton is plotted as a function of
its nutritional quality. This approach is therefore expected to improve the calibration of
the models analyzed in this thesis, and yield more accurate predictions about the ecological
stoichiometry and evolution of plankton communities.
Another major model assumption, in chapters 2-4, is that phytoplankton growth is
exclusively nutrient-limited, whereas light limitation is not taken into account. However,
nutrient enrichment may drive a shift from nutrient- to light-limited phytoplankton growth
[50, 145, 198], which is known to aﬀect key model predictions of phytoplankton-zooplankton
interactions [56, 63]. For example, Loladze et al. [56] analyzed a stoichiometric model in
which phytoplankton growth is either nutrient- or light-limited, and found that allowing for
light-limited phytoplankton growth reduces the scope of phytoplankton-zooplankton oscillations in comparison to the classic paradox of enrichment [62]. In addition, phytoplankton
grown under light-limited conditions tend to be more nutritious for zooplankton than those
under nutrient-limited conditions, and zooplankton growth may therefore become limited
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by the energy content instead of the nutrient content of phytoplankton cells [38, 42, 63, 146].
Hence, it will be interesting to extend the models in chapters 2-4 to consider light-limited
phytoplankton growth, and investigate how this will aﬀect the ecological stoichiometry and
evolution of plankton communities.
The model analyzed in chapter 2 uses an adaptive dynamics approach to study evolution of nutrient uptake in phytoplankton. Although adaptive dynamics constitutes a
tractable framework to analyze the evolution of nutrient uptake in phytoplankton, this
model approach assumes a strict separation of ecological and evolutionary timescales. That
is, ecological and evolutionary processes occur separately in chapter 2, and there is little
scope for eco-evolutionary feedbacks. However, empirical studies show that ecological and
evolutionary processes can take place at similar timescales, and that eco-evolutionary feedbacks may be common in plankton communities [15, 74, 97, 153, 238]. It will therefore
be worthwhile to revisit chapter 2 using a quantitative trait model [74, 79, 80], which can
further elucidate the eco-evolutionary dynamics of plankton communities.
Consistent with classic ecological theory [126], the models analyzed in this thesis assume that a low nutritional quality of phytoplankton can provide an eﬀective defense against
zooplankton grazing. However, there are other defense mechanisms that also allow phytoplankton to alleviate grazing pressure, and thereby maintain a high nutritional quality in
the presence of zooplankton. For example, some phytoplankton species may use changes in
carbon:nutrient stoichiometry to produce harmful toxins [35, 37], which constitute a deterrent against zooplankton grazing. Other phytoplankton species have evolved morphological
defenses against zooplankton grazing, such as the development of spines [129, 339] or the
reinforcement of cell walls [130, 131]. Although these alternative defenses of phytoplankton against grazing may enable the evolution of high nutritional quality in the presence of
zooplankton, such defenses are likely to incur fitness costs for phytoplankton. Hence, the
inclusion of alternative defenses against grazing in the models analyzed in this thesis might
help to understand the conditions under which these diﬀerent defense mechanisms evolve.

The competition-predation trade-off
One important model prediction explored in this thesis is that selective grazing by zooplankton leads to a competition-predation trade-oﬀ in phytoplankton, which enables the
coexistence of phytoplankton phenotypes with high nutrient uptake rate (i.e., nutrient ex-
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ploiters) and low nutrient uptake rate (i.e., grazing avoiders; see chapter 2). Similarly, the
model analyzed in chapter 4 predicts a competition-predation trade-oﬀ based on the cell size
of phytoplankton, which may allow the coexistence of small-sized nutrient exploiters and
large-sized grazing avoiders. Indeed, several empirical studies have shown that small-sized
phytoplankton cells consume nutrients more eﬀectively, and are therefore more competitive
in nutrient-poor waters with low grazing pressure [23, 197, 198, 202, 208]. By contrast,
large-sized phytoplankton cells often have a relatively low competitive ability for nutrients,
and therefore typically thrive in nutrient-rich coastal waters and upwelling regions where
grazing pressure tends to be higher [196, 207, 208].
Several experimental studies have explored the eco-evolutionary implications of a
competition-predation trade-oﬀ in phytoplankton. For example, Yoshida et al. [15] grew
multiple clones of the green alga Chlorella vulgaris with contrasting competitive ability and
grazing resistance, and clonal coexistence was observed through a competition-predation
trade-oﬀ in the presence of the rotifer Brachionus calyciflorus. In this trade-oﬀ, grazingresistant algal clones survived passage through the rotifer gut more frequently than competitive algal clones, but also had a lower specific growth rate under nutrient limitation [238].
Interestingly, grazing-resistant algal clones were significantly smaller and less digestible (i.e.,
mechanically stronger) than competitive algal clones, and probably escaped intact from the
rotifer gut due to their small cell size and low digestibility [157, 238]. These observations
contrast with the model prediction, in chapter 4, that grazed phytoplankton will evolve a
larger cell size than non-grazed phytoplankton. The reason for this discrepancy is that the
model of chapter 4 does not consider size-dependent variation in the digestibility of phytoplankton cells. Hence, the experiments of Yoshida et al. [15, 157] provide a clear example
of a competition-predation trade-oﬀ in the plankton, but grazing resistance is obtained by
a diﬀerent ecophysiological mechanism than investigated in our study.
Field data of a competition-predation trade-oﬀ were recently presented by Ehrlich et
al. [340], who measured the maximum growth rate and grazing defense of the most abundant phytoplankton morphotypes in Lake Constance. They found that the best defended
phytoplankton morphotypes also had the lowest maximum growth rate, and that increased
grazing pressure on this natural phytoplankton community during the summer improved
grazing defense at the cost of a reduced maximum growth rate. Furthermore, the best
defended phytoplankton morphotypes were observed to have the largest cell size, whereas
the fastest growing phytoplankton morphotypes had the smallest cell size. In other words,
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small phytoplankton morphotypes were better competitors but more susceptible to grazing
than large phytoplankton morphotypes, which is consistent with the size-based competitionpredation trade-oﬀ explored in chapter 4 of this thesis. It is diﬃcult, however, to disentangle
the underlying physiological mechanisms for this competition-predation trade-oﬀ from field
data, and hence we cannot tell to what extent it involves variation in nutritional quality.
To experimentally test the coexistence of phytoplankton species through a
competition-predation trade-oﬀ based on cell size and nutritional quality, one may consider two ecologically relevant phytoplankton species that are similar except for their cell
size and, hence, nutrient uptake rate and nutritional quality (e.g., a small diatom species
versus a large diatom species). These two phytoplankton species may be grown together
(fig. 6.1), where they will compete in the absence of zooplankton, in the presence of a nonselective zooplankton species (e.g., a generalist filter feeder), or in the presence of a selective
zooplankton species (e.g., a copepod). According to model predictions in chapters 2 and 4,
the more nutritious phytoplankton species with small-sized cells and high nutrient uptake
rate is expected to outcompete the less nutritious species with large-sized cells and low
nutrient uptake rate in the absence of zooplankton (fig. 6.1A) and also in the presence of
nonselective zooplankton (fig. 6.1B ). However, both phytoplankton species are expected to
coexist through a competition-predation trade-oﬀ in the presence of selective zooplankton
(fig. 6.1C ).
Long-term evolutionary experiments have proven useful to study the eco-evolutionary
dynamics of phytoplankton [185, 341–343], and may also allow to test a competitionpredation trade-oﬀ based on cell size and nutritional quality. Specifically, an evolutionary
experiment can be performed where a single clone of an ecologically relevant phytoplankton species (e.g., a green alga or diatom) is exposed to grazing by either nonselective or
selective zooplankton species, in order to investigate the potential divergence in cell size
and nutritional quality of phytoplankton.

N:P stoichiometry of phytoplankton and nutritional requirements of zooplankton
The model analyzed in chapter 3 predicts that phytoplankton evolve towards an optimum
cellular N:P ratio in the absence of zooplankton, at which the growth rate of phytoplankton
is equally limited by nitrogen and phosphorus, whereas selective grazing by zooplankton
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Figure 6.1: Schematic illustration of an experimental test of the competition-predation trade-oﬀ in phytoplankton, where two phytoplankton species are grown together in the absence of zooplankton, in the
presence of nonselective zooplankton (e.g., a generalist filter feeder) or in the presence of selective zooplankton (e.g., a copepod). A, B, A more nutritious phytoplankton species with small cells and high
nutrient uptake rate (small circle) is predicted to outcompete a less nutritious phytoplankton species with
large cells and low nutrient uptake rate (large circle), both (A) in the absence of zooplankton and (B ) in
the presence of nonselective zooplankton. C, The two phytoplankton species are predicted to coexist in the
presence of selective zooplankton through a competition-predation trade-oﬀ. Daphnia and copepod photographs taken by Marek Miś and Andrei Savitsky, respectively, and licensed under the Creative Commons
4.0 International License.
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based on the nutritional quality of phytoplankton can lead to large deviations from this
optimum cellular N:P ratio. Specifically, selective grazing by nitrogen-demanding copepods
drives the evolution towards phytoplankton with relatively low cellular N:P ratios, whereas
phosphorus-demanding cladocerans drive the evolution towards phytoplankton with relatively high cellular N:P ratios. Because cladocerans and copepods are typically dominant
in freshwater and marine environments, respectively, this model prediction implies that
freshwater phytoplankton will tend to have a higher cellular N:P ratio than marine phytoplankton. This model prediction is in good agreement with field data, which indicate that
the cellular N:P ratio of phytoplankton is indeed higher in freshwater than in marine environments [173, 174, 344]. Thus, it is conceivable that the contrasting N:P stoichiometry
observed in freshwater and marine phytoplankton might be due to divergent nutritional
requirements of freshwater cladocerans versus marine copepods.
Although model predictions in chapter 3 correlate with major patterns observed in
the N:P stoichiometry of freshwater and marine phytoplankton and zooplankton, such correlational evidence alone is insuﬃcient to reject or support these model predictions. Hence,
more empirical work is needed to test the model predictions. For example, an ecological
experiment can be performed where an entire phytoplankton community is grazed by either
a phosphorus-demanding zooplankton species (e.g., a cladoceran) or a nitrogen-demanding
zooplankton species (e.g., a copepod), and the cellular N:P ratios of the dominant phytoplankton species are subsequently measured in each treatment. Alternatively, a long-term
evolutionary experiment can be performed where a single phytoplankton clone is grown over
several years (e.g., over 1,000 generations) in the presence of either a phosphorus-demanding
or nitrogen-demanding zooplankton species, and the N:P stoichiometry, cell size and other
traits of the evolving clone are monitored. These two experimental approaches will allow
to test whether the cellular N:P ratio of phytoplankton in the presence of phosphorusdemanding zooplankton species will indeed become significantly higher than that in the
presence of nitrogen-demanding zooplankton species.

Zooplankton grazing and the stability of DCMs
In chapter 5, grazing by zooplankton is predicted to increase the stability of DCMs, which
are a prominent feature of clear oligotrophic waters with low turbulent mixing. The stabilizing eﬀect of zooplankton grazing on DCMs is arguably due to an increased nutrient recycling
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within the euphotic zone, which sustains phytoplankton growth and thereby suppresses population fluctuations of sinking phytoplankton. However, such zooplankton-driven nutrient
recycling within the euphotic zone does not account for the production of zooplankton fecal
pellets, which are known to contribute to rapid nutrient export deep into the water column
[307–309]. Hence, as a next step, the DCM model analyzed in chapter 5 may be extended
to include the production of fecal pellets by zooplankton, in order to investigate whether
these fecal pellets enhance nutrient export and thereby destabilize DCMs.
Although the DCM model of chapter 5 is based on sound biological assumptions (e.g.,
variable cellular nutrient of phytoplankton, selective grazing by zooplankton), this model
remains a major simplification compared to real aquatic ecosystems. Conversely, large-scale
ocean biogeochemical models capture a wider range of physical and chemical processes that
occur in marine environments [323–325, 345], but typically lack the biological detail of this
DCM model. The DCM model assumptions made in chapter 5 might therefore be considered in ocean biogeochemical models to increase their level of biological detail, and enable
more accurate predictions about the development of DCMs. In particular, incorporation
of zooplankton in ocean biogeochemical models (e.g., [309, 346]) will further elucidate the
role of zooplankton grazing in the stability of DCMs, with potential consequences for key
ecosystem processes such as nutrient recycling and the eﬃciency of the biological carbon
pump.

Conclusions
The work presented in this thesis shows that models based on ecological stoichiometry render important insights into the eco-evolutionary dynamics of plankton communities. I have
shown that stoichiometric model assumptions of nutrient-limited phytoplankton growth and
selective grazing by zooplankton lead to the emergence of a trade-oﬀ between competitive
ability and grazing susceptibility in phytoplankton. This competition-predation trade-oﬀ in
phytoplankton allows coexistence of nutrient exploiters and grazing avoiders, and favors an
evolutionary reduction of nutrient uptake in phytoplankton grazed by selective zooplankton. Selective grazing is predicted to have a substantial impact on the dynamical stability,
stoichiometric composition, size structure and vertical distribution of plankton communities. These model predictions can be readily tested empirically, and the potential for
eco-evolutionary changes in the stoichiometry of phytoplankton-zooplankton interactions
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should be incorporated in more comprehensive biogeochemical models. Such stoichiometrically informed biogeochemical models will potentially give more accurate estimates of
primary production, carbon export and nutrient cycling in aquatic ecosystems.
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